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Abstract
The rare earth cuprates RE2CuO4 crystallizing in the T 0-structure are the parent compounds
for electron-doped superconductors. Various investigations illustrated that these systems turn
superconducting upon electron-doping and/or fine-tuning of the oxygen reduction annealing
conditions. These undoped parent compounds are characterized by a very strong antiferro-
magnetic coupling between the Cu moment within the CuO2 planes and a very weak cou-
pling between adjacent planes. The reason for this weak interlayer coupling lies in the body-
centered tetragonal (BCT) structure of these compounds which cancels out the isotropic
Heisenberg interaction between one and the next nearest layer. Therefore, the BCT cuprates
can be regarded as quasi-2 dimensional (2D) magnetic systems. Even though the Mermin-
Wagner theorem forbids the magnetic ordering of a 2D magnetic system, the BCT cuprates
are known to order at temperatures around 280 K due to the weak interlayer coupling along
the third spatial direction. The actual process how these quasi-2D systems approach the ul-
timate 3D magnetic order and which kinds of spin structures are realized, are anyhow still
a matter of current debate. Moreover, the rare-earth cuprates exhibit underlying interactions
involving both the copper and the magnetic rare-earth subsystems that demonstrated inter-
esting phenomena such as spin reorientation transitions.
In this work, a systematic investigation of the 3D magnetic ordering process, the influence
of a magnetic rare-earth ion and the eect of oxygen reduction on the magnetism of these
undoped compounds, were focused upon. The rich magnetic behavior of the BCT cuprates
T 0-RE2CuO4 (RE= La, La/Sm, and Pr) is investigated primarily using the muon spin rotation
and relaxation (SR) technique. Complementary experimental studies were also carried out
with nuclear magnetic resonance (NMR) and neutron scattering techniques. The structural
properties, primarily the oxygen content and site occupation, are determined by neutron
scattering and synchrotron x-ray diraction.
All the studied T 0-RE2CuO4 (RE= La, La/Sm, and Pr) compounds revealed series of
magnetic transitions as a function of temperature. The sensitivity of the SR technique to
such transitions is well-evidenced here while neutron scattering measurements on some of
the compounds did not detect these transitions.
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SR results on the novel T 0-La2CuO4 (T 0-LCO) are of outstanding importance in this
work primarily due to the observation of distinct transitions even with a nonmagnetic La3+
ion. The three characteristic temperature regimes encompass a quasi-static order with slow
magnetic fluctuations between 220 K and 115 K, a static regime with a broad asymmetric
field distribution at the muon site between 115 K and 40 K, and a low temperature regime
wherein an abrupt change to a narrow and symmetric field distribution had been manifested.
These transitions had been armed by 139La-NMR measurements. Plausible physical sce-
narios at each characteristic temperature regime had been verified via magnetic dipole field
calculations at the La and muon site, respectively. For this purpose, the muon site has firstly
been determined theoretically and then dierent magnetic structures have been checked for
consistency with the measured data. Specifically, those structures were tested which belong
to the two irreducible representations (IR) of the magnetic symmetry group.
The quasi-static behavior of T 0-LCO, which is essentially a 2D system at high tempera-
tures but finally orders in a 3D magnetic structure at low temperatures, is explained in two
possible physical scenarios. Firstly, it is likely that below 220 K, there is an antiferromag-
netic coupling between the Cu moments within the planes and the coupling to the next plane
is weak due to frustration. This would allow that the relative orientation between the planes
could be random and even fluctuates. There is then a coupling of every second plane which
is ferromagnetic that gave rise to the 3D magnetic ordering transition at 220 K seen by NMR.
Secondly, it could be possible that this quasi-static magnetism is a signature of the quasi-2D
behavior and a dimensional crossover happening in cuprates. That is, these systems undergo
a crossover from a 2D Heisenberg to 2D XY behavior and later order in 3D when lowering
the temperature. A more provocative conjecture about this quasi-static regime might be that,
it could be a result of a so-called Kosterlitz-Thouless transition.
For the static regime observed between 115 K and 40 K with a broad asymmetric field
distribution, magnetic dipole field calculations indicate that there exists a distribution of
relative angle of the spin alignment in neighboring planes across the sample. It turns out
that all local spin configurations belong to the same IR. A physical scenario may be that the
system is consisting of grains possessing all dierent spin structures which are allowed by
symmetry. Another possible scenario is a spin density wave with a continuous modulation
of the relative angle between neighboring planes along the c-direction from unit cell to unit
cell.
The last transition at 40 K is characterized by an abrupt change of the field distribution
to a single-symmetric Lorentzian line. Magnetic dipole field calculations prove that the
best-suitable model for the low-temperature regime in T 0-LCO is a noncollinear structure
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belonging to one of the possible IRs. Hence, the spin structure below 40 K locks-in to this
magnetic structure which is this energetically preferred alignment of the system due to a
small anisotropy in the CuO2 plane.
Moreover, another remarkable finding is that the T 0-La2CuO4 exhibited a strongly-reduced
Néel temperature compared to the orthorhombic T -La2CuO4 and to other T 0-RE2CuO4
cuprates such as T 0-Nd2CuO4 and T 0-Pr2CuO4. This reduction can be traced back to a
ten times decrease in the interlayer coupling possibly due to the missing polarizable lan-
thanide ion in T 0-La2CuO4. The results on T 0-La1.85Sm0.15CuO4 confirmed our notion that
the magnetic coupling in the c-direction is enhanced with the substitution of a magnetically
polarizable Sm ion in the T 0-La2CuO4 that strengthened the so-called pseudo-dipolar inter-
actions in the system. Thus, the magnetic rare-earth has influence on the interlayer magnetic
coupling and dynamics in the system. The presence of a magnetic rare-earth can, e.g. di-
rectly raise the Néel temperature. Nevertheless, the results herein gave indications that the
nature of the RE moments and the induced magnetic polarization in the RE magnetic system
may not directly be at the core of the explanation for the observed reorientation transitions
since they are similarly also observed in T 0-La2CuO4. Although surely, the magnetic RE
adds another degree of freedom to the complex magnetic interactions in the CuO2 plane.
Another aspect that plays an important role in the magnetism of the BCT cuprates is the
oxygen content and oxygen site occupation. The results on the T 0-La1.85Sm0.15CuO4 and
T 0-Pr2CuO4 revealed that the annealing conditions can impose structural modifications that
have dierent eects on the static and dynamic properties of the Cu magnetism. That is,
annealing conditions can influence which oxygen site is vacated or may even induce Cu va-
cancies leading to disorder in the system. A higher annealing temperature reduces the O(2)
occupation and magnetically disorders the system while a slightly lower annealing temper-
ature only aected the O(3) and has surprisingly no eect on the magnetism in contrast to
the general belief that it is exactly this defect site which is responsible for the appearance of
magnetism and suppression of superconductivity in the electron-doped compounds. How-
ever, moderately low annealing condition can repair Cu vacancies or redistribute oxygen and
Cu, leading to a more-ordered system. In spite of that, series of magnetic transitions had
been illustrated by both the as-grown and the reduced samples. This is yet another remark-
able observation since no direct evidence for spin reorientation in the T 0-Pr2CuO4 had been
accounted before.
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Zusammenfassung
Die Kuprate mit Seltenen Erd Ionen (RE) der Form RE2CuO4 die in der sogenannten T 0
Struktur kristallisieren sind die undotierten Ausgangsverbindungen der elektronendotierten
Supraleiter. Diverse Untersuchungen zeigen, dass diese Systeme durch Elektronendotierung
und/oder durch Feinabstimmung der Sauersto Reduktionsbedingungen supraleitend wer-
den. Diese undotierten Ausgangsverbindungen zeichnen sich durch eine sehr starke anti-
ferromagnetische Kopplung der Kupfermomente in den CuO2 Ebenen und durch eine sehr
schwachen Kopplung zwischen benachbarten Ebenen aus. Der Grund dieser schwachen
Zwischenschichtkopplung liegt in der raumzentriert tetragonalen (BCT) Struktur dieser Ver-
bindungen. In dieser Struktur hebt sich die isotrope Heisenberg Wechselwirkung zwischen
einer und der nächsten Ebene auf, weshalb diese BCT Kuprate als quasi 2-dimensionale
(2D) magnetische Systeme angesehen werden können. Obwohl das Mermin-Wagner The-
orem eine magnetische Ordnung eines magnetischen 2D Systems verbietet, ist es bekannt,
dass die BCT Kuprate bei Temperaturen um die 280 K auf Grund einer schwachen Kop-
plung entlang der dritten Raumdimension ordnen. Der tatsächliche Ablauf, wie diese quasi
2D Systeme sich der ultimativen magnetischen 3D Ordnung annähern und welche Spin-
strukturen dabei realisiert werden, wird bis heute diskutiert. Zusätzlich zeigen die Kuprate
mit Seltenen Erden Wechselwirkungen des Kupfer als auch des magnetischen Seltenen Erd
Subsystems die interessante Phänomene wie beispielsweise Spinreorientierungsübergänge
hervorbringen.
Diese Arbeit konzentriert sich auf eine systematische Untersuchung des magnetischen 3D
Ordnungsprozesses als auch auf den Einfluss der magnetischen Seltenen Erd Ionen und des
Sauerstoreduktionsprozesses auf den Magnetismus dieser undotierten Verbindungen. Das
vielfältige magnetische Verhalten der BCT Kuprate T 0-RE2CuO4 (RE = La, La/Sm und Pr)
wird hierbei hauptsächlich mit der Methode der Myonenspinrotation und Relaxation (SR)
untersucht. Mit Hilfe von Neutronenstreuungs- und Kernspinresonanz (NMR) Techniken
wurden weitere komplementäre Untersuchungen durchgeführt. Die strukturellen Eigen-
schaften dieser Verbindungen, hauptsächlich deren Sauerstogehalt und Besetzungswahr-
scheinlichkeit der verschiedenen Kristallplätze, wurden mit Neutronen- und Synchrotron-
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Röntgenstreuung bestimmt.
Alle untersuchten T 0-RE2CuO4 (RE = La, La/Sm und Pr) Verbindungen zeigten eine Serie
von magnetischen Übergängen als Funktion der Temperatur. Hierbei zeigte sich die beson-
dere Empfindlichkeit der SR Technik für diese Übergänge, während die Neutronenstreuung,
an einigen dieser Verbindungen, die Übergänge nicht nachweisen konnte.
Die an dem neuartigen T 0-La2CuO4 erhaltenen SR Resultate sind von herausragender
Bedeutung in dieser Arbeit, da eindeutige Übergängen in einem Material mit nichtmagnetis-
chen La3+ Ionen beobachtet wurden. Die drei charakteristischen Temperaturintervalle bein-
halten eine quasi-statische Ordnung mit langsam Fluktuationen zwischen 220 K und 115 K,
einen statischen Bereich mit einer breiten und asymmetrischen Feldverteilung amMyonenort
zwischen 115 K und 40 K, und einen Tieftemperaturbereich in dem ein abrupter Übergang
zu einer schmalen und symmetrischen Feldverteilung beobachtet wird. Diese Übergänge
wurden mit 139La-NMR Untersuchungen bestätigt. Plausibele physikalische Szenarien für
die entsprechenden Temperaturintervalle wurden mit Hilfe von magnetischen Dipolrechnun-
gen am La als auch am Myonenort überprüft. Hierfür wurde zunächst der Myonenplatz
theoretisch bestimmt und danach verschiedene magnetische Strukturen mit den Rechnungen
auf Konsistenz mit den Messdaten getestet. Speziell wurden magnetische Modelle getestet,
die zu einer der zwei irreduziblen Darstellungen (IR) der magnetischen Symmetriegruppe
gehören.
T 0-La2CuO4 ist im Wesentlichen ein 2D System bei hohen Temperaturen, das letztendlich
als 3D magnetische Struktur bei tiefen Temperaturen ordnet. Das quasi-statische Verhalten
im Übergangsbereich wird in zwei möglichen Szenarien erklärt. Erstens ist es wahrschein-
lich, dass unterhalb von 220 K eine antiferromagnetische Kopplung zwischen den Kupfer-
momenten innerhalb der Ebene existiert und dass die Kopplung zwischen den Ebenen auf
Grund von Frustrationseekten schwach ist. Dies könnte ermöglichen, dass die relative Ori-
entierung der Spins zwischen den Ebenen zufällig ist oder gar fluktuiert. Die ferromagnetis-
che Kopplung zu der übernächsten Ebene erzeugt dann den magnetischen 3D Ordnungsüber-
gang bei 220 K wie er von NMRMessungen gefunden wird. Zweitens wäre es möglich, dass
der beobachtete quasi-statische Magnetismus eine Signatur des quasi-2D Verhaltens und des
anschliessenden Dimensions-Übergangs in den Kupraten darstellt. Dies bedeutet, dass diese
Systeme von einem 2D Heisenberg zu einem 2D XY Verhalten und später zu einer 3D Ord-
nung übergehen. Eine etwas provokative These wäre, dass dieses quasi-statische Regime
eine Folge eines sogenannten Kosterlitz-Thouless Übergangs ist.
Im statischen Bereich zwischen 115 K und 40 K, in dem eine breite asymmetrische Feld-
verteilung beobachtet wird, zeigen die magnetischen Dipolrechnungen, dass eine Verteilung
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von relativen Spinorientierungen zwischen benachbarten Ebenen innerhalb der Probe ex-
istiert. Es zeigt sich, dass alle lokalen Spinkonfigurationen zu ein und derselben IR gehören.
Ein physikalisches Szenario wäre, dass das System aus einzelnen Körnern besteht, die alle
unterschiedliche magnetische Strukturen aufweisen die durch die Symmetrie erlaubt sind.
Ein anderes mögliches Szenario wäre eine Spindichtewelle die eine kontinuierliche Modula-
tion der relativenWinkel zwischen benachbarten Ebenen entlang der c-Richtung des Kristalls
erzeugt.
Der letzte Übergang bei 40 K ist charakterisiert durch eine abrupte Veränderung der Feld-
verteilung zu einer einzigen symmetrischen Lorentzlinie. Magnetische Dipolfeldrechnun-
gen beweisen, dass das beste Modell für diese Tieftemperaturphase von T 0-La2CuO4 eine
nichtkollineare Struktur ist, die zu einer der möglichen IR Darstellungen gehört. Dies zeigt,
dass die magnetische Struktur unterhalb von 40 K in die Struktur einrastet, die aufgrund
einer kleinen Anisotropie in der CuO2 Ebene energetisch bevorzugt wird.
Ein weiterer bemerkenswerter Befund ist, dass T 0-La2CuO4 im Vergleich zu dem or-
thorhombischen T -La2CuO4 und anderen T 0-RE2CuO4 wie z. B. T 0-Nd2CuO4 oder T 0-
Pr2CuO4 eine stark erniedrigte Néel Temperatur aufweist. Diese Erniedrigung kann auf eine
10-fache Verringerung der Zwischenschichtkopplung zurückgeführt werden, die möglicher-
weise durch das Fehlen eines polarisierbaren Lanthanoid Ions in T 0-La2CuO4 reduziert ist.
Messungen an T 0-La1.85 Sm0.15CuO4 bestätigten unsere Sichtweise, das die magnetische
Kopplung entlang der c-Richtung mit dem polarisierbaren Sm Ion verstärkt wurde. Dies
stärkte die sogenannte Pseudo-Dipolare-Wechselwirkung. Aus diesem Grund hat das mag-
netische Seltene Erd Ion Einfluss auf die magnetische Kopplung zwischen den Ebenen und
auf die Dynamik des Systems. Die Präsenz eines magnetischen Seltene Erd Ions kann
z. B. die Néel Temperatur erhöhen. Nichtsdestotrotz weisen die in dieser Arbeit erhaltenen
Resultate darauf hin, dass die Art des Seltenen Erd Atoms und dessen Polarisierbarkeit nicht
von zentraler Wichtigkeit für die Erklärung der Spinreorientierungsübergänge sind, da diese
auch in T 0-La2CuO4 beobachtet wurden. Dennoch steuert ein magnetisches Seltene Erd Ion
natürlich einen weiteren Freiheitgrad zu den ohnehin schon komplexen Wechselwirkungen
innerhalb der CuO2 Ebene bei.
Ein weiterer Aspekt der eine wichtige Rolle für den Magnetismus der BCT Kuprate spielt
ist der Sauerstogehalt und die Besetzungswahrscheinlichkeit der verschiedenen Sauersto-
plätze im Kristallgitter. Die an T 0-La1.85 Sm0.15CuO4 und T 0-Pr2CuO4 erhaltenen Resultate
zeigten, dass verschiedene Reduktionsbedingungen verschiedene strukturelle Veränderun-
gen hervorrufen können, die wiederum unterschiedlichen Einfluss auf den statischen und
dynamischen Magnetismus der Kupferatome haben. Insbesondere können die Temperbedin-
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gungen beeinflussen, welcher Sauerstoplatz geleert wird. Es können sogar Cu Fehlstellen
erzeugt werden die eine Unordnung des Systems erzeugen. Eine höhere Temperatur beim
Tempern reduziert die O(2) Besetzung und erzeugt magnetische Unordnung während eine le-
icht niedrigere Temperatur nur die O(3) Besetzung beeinflusst und erstaunlicherweise keine
Veränderung des Magnetismus hervorruft. Dies ist im Gegensatz zu der allgemeinen Auf-
fassung, dass gerade dieser Sauerstodefektplatz verantwortlich für das Auftreten von Mag-
netismus und die Unterdrückung der Supraleitung in elektronendotierten Verbindungen ist.
Andererseits können moderate Temperaturen bei der Reduktion Kupferfehlstellen ausheilen
und Sauersto- und Kupferatome umverteilen und somit ein geordneteres System erzeugen.
Davon unbeeinflusst zeigten sowohl die unbehandelten also auch die reduzierten Proben
eine Serie von magnetischen Phasenübergängen. Dies ist noch eine weitere bemerkenswerte
Beobachtung, da bisher keine direkten Beweise für Spinreorientierungsübergänge in T 0-
Pr2CuO4 berichtet wurden.
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1 Introduction and Motivation
1.1 Magnetism
The word magnetism may not be a layman’s term but its synonyms include attraction, fasci-
nation, appeal, influence, pull, drawing power, captivatingness, magic, lure, and the like. As
a child, most of us had played with magnets and got amazed and fascinated with its power
to attract iron objects. Its ability to exert forces at a distance, that is, it can move the iron
objects without physical contact or material intervention, had intrigued one’s young mind.
The early accounts of magnetism date back to the discovery of a naturally-occuring min-
eral called magnetite or lodestone around the 6th century BC by the ancient Greeks, who
first observed magnetic phenomena through the attraction of lodestone to bits of iron ore and
other lodestones. This then gave the first references to lodestone’s magnetic properties. The
etymological origin of the word magnet came from these lodestones found in Magnesia, a
Greek town and province in Thessaly, northern Greece. Hence, magnet literally means the
stone from Magnesia [1].
The first application of lodestone was first realized in the 12th century when the Chinese,
who had also found this kind of rock, observed that if this rock is suspended on something
that would let it spin freely, it would always rotate to point in the same direction, toward the
magnetic poles. The part of the rock that pointed North was called the North-seeking pole or
simply the North Pole. This was the first simple navigational compass.
Though various theoretical phenomena are yet to be further understood, known studies
had already led to powerful pursuits, consequently unfolding technological developments
that we are relishing today. Numerous magnetic materials are regarded as being indispens-
able in modern technology. One primary reason is that they are used as components in an
enormous range of industrial, medical, and technological innovations. Added applications
of magnetism and magnetic materials encompass those from micro- or nanoscale devices
used for information or data storage in computers, to electrical devices such as transformers
and motors utilized in electric power generation. Facilitating magnetic device architectures
that cater to the increasing demand of storage and processing prototypes, sensors, permanent
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magnets, energy conversion and exploration, plus all the other advancements in research and
development on this certain field, not only gave rise to relevant applications but had also
revealed a wealth of new fundamental physics.
Over the past centuries, the research on magnetism was steadily progressing alongside
the evolving ideas and enhancement of other fields like electricity and quantum mechanics.
It had remained a great mystery in solids and had always been dicult to explain. One
big reason is that its origin is quantum mechanical. Most magnetic eects are unexpected
consequences of quantum-mechanical and collective interactions of assembly of electrons
on vast scales with one another. Adding up to the challenge is the fact that magnetic ions
interact with each other over given and sometimes, even large distances, and their response to
external stimuli such as temperature, pressure, or applied field, tend to give more complexity
in elucidating them.
Magnetic eects are enthralled by two relevant ingredients: first, atoms should have mag-
netic moments, and second, these moments should have interactions with one another [2].
Through a certain characteristic interaction, the collective behavior of the individual mag-
netic moments of the atoms can give rise to an ordered magnetic state. In solids, there are a
number of dierent types of magnetic order such as those called as e.g. ferromagnetism, anti-
ferromagnetism, and ferrimagnetism. Probably the ordering that one is most familiar with is
the ferromagnetic type of ordering that is observed in iron and in rare earth elements such as
gadolinium and dysprosium. Ferromagnetic ordering is manifested from the parallel align-
ment of the magnetic moments giving rise to a macroscopically observable magnetization.
A rather dierent type is antiferromagnetic ordering in which the interaction between the
magnetic moments tends to align the nearest-neighbor moments antiparallel to each other,
such that the net spontaneous magnetization is zero. In addition, their response to applied
external fields at a constant temperature is similar to that of paramagnetic materials, those
that have randomly oriented moments. That is, the magnetization is linear in a small applied
field and the susceptibility is small and positive [3].
The materials highlighted in this work are the parent compounds of the electron-doped
cuprates. These are all antiferromagnetic insulators, materials that do not conduct electric-
ity. However, these supposedly insulating materials surprisingly become metallic then turn
into perfect conductors (came to be known as superconductors) when an adequate amount
of electrons are added via chemical substitution, for example, substitution of Ce to Nd in
Nd2CuO4. Hence, that is where the coined phrase ’parent compound of electron-doped su-
perconductors’ comes from.
As superconductivity is yet another phenomenon apart from magnetism that made a mile-
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stone to human exploits and curiosity, a brief introduction about it is a prerequisite into
building up the relevance of investigating the antiferromagnetic parent compounds focused
in this work. The succeeding paragraphs will briefly describe this.
1.2 Superconductivity
The quest for liquefaction of gases in the 19th century led to the development of methods to
cool matter to extremely low temperatures. This feat prompted the discovery of supercon-
ductivity. The triumphant researcher to do this is H. Kamerlingh Onnes, a Dutch physicist
who succeeded in liquefying helium in his laboratory in Leiden. This subsequently allowed
him to do methodical measurements on materials such as mercury which can be made pure,
and specifically observing how the resistance behaved when cooled to very low temperatures.
His experiments in 1911 showed that when the mercury sample was gradually cooled below
the boiling point of liquid helium which is at 4.2 K, the resistance of mercury precipitously
disappeared [4, 5, 6, 7]. Hence, the remarkable discovery of superconductivity. Further ex-
plorations of this new phenomenon had been performed with samples of tin and lead which
further confirmed that mercury was not unique.
As the phenomenon on superconductivity made a stir to the scientific research community,
a number of experimental works had been performed that deliberately increased the number
of superconducting elements that were unraveled. The two main factors for a material to be
called a superconductor is firstly, it should exhibit a drop in resistivity to zero when cooled
down below a temperature called the critical temperature [4, 5, 6, 7]. Above this critical
temperature, the material is said to be in its normal state. Then secondly, another factor
is that superconductors show perfect diamagnetism. This is also known as the Meissner-
Ochsenfeld eect [8], the ability of the material to forcibly expel an applied magnetic field
and is responsible for the incredible capability of superconductors to levitate above magnets
(or for magnets to levitate above superconductors). This property had initiated deeper quest
and theoretical eorts in understanding superconductivity.
The London brothers, Fritz and Heinz London, proposed a phenomenological theoretical
advance in understanding superconductivity. They showed that a mathematical relationship
can be used that is something like the phenomenon of electrical resistance by the well-known
Ohm’s law for ordinary metals. What they developed is a theory that was able to explain both
the Meissner-Ochsenfeld experiment as well as the persistent current of Kamerlingh-Onnes
[9]. Another important aspect of the theory of superconductivity had been phenomenologi-
cally achieved by the Ginzburg-Landau theory developed in 1950 by extending the London
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equations that was able to describe the thermodynamics of the fundamental properties of
superconductors. This theory postulated the existence of a macroscopic wave function  (r)
which was equivalent to an order parameter, with solutions to  giving the London equations,
and microscopic parameters called the penetration depth and the coherence length [10].
One of the most important experiment that directly paved the way to an explanation of
superconductivity was observed on the isotope eect on the critical temperature of mercury.
This was simultaneously and independently observed by the groups of E. Maxwell [11] and
C. A. Reynolds et al. [12], both observed a decrease in Tc with an increase in isotopic mass.
These experiments imply that the mass of a nuclei plays some role in the superconductivity
phenomenon in a manner that it gives rise to what is known as lattice vibrations (phonons).
The isotope eect observations allow for the assumption that the basis of superconductivity
relies on electron-phonon interactions. A relevant assumption that later led to the develop-
ment of the monumental theory by Bardeen, Cooper, and Schrieer (BCS) [13, 14, 15]. The
BCS theory provided a forthright explanation of superconductivity in terms of paired elec-
trons known as Cooper pairs, that are formed resulting from the electron-phonon interaction
in an energy shell h¯!D (!D is the Debye frequency) around the Fermi energy F .
As the periodic table provides an array of elements that may produce a yet undiscovered
material to harness better application of superconductivity, a further breakthrough of elevat-
ing the critical transition temperature was needed. The then slowly stagnating confinement
to low-temperatures phenomenon had gone to a reviving upheaval with the discovery of
high-transition temperature (high-Tc) superconductivity in 1986 by Bednorz and Müller in
the doped layered copper oxides La-Ba-Cu-O ceramics with a Tc of  30 K [16]. There-
after, similar materials which came to be commonly known as the cuprates were discovered
to reveal superconductivity at high-Tc values, even reaching the highest critical temperature
achieved so far at Tc = 133  140 K, in Hg-based cuprates [17, 18, 19]. Interestingly, induc-
ing high pressure in this compound could even augment the Tc to 164 K [20]. More recently,
the cuprate monopoly in the high-Tc superconductivity pursuit was somehow interrupted
when a new class of compounds known as the iron pnictides were discovered and unfolded
new route for further research in the field [21]. These new class of systems share some
common properties with the cuprates specifically for having layered crystal structures and
exhibiting antiferromagnetic ordering in the mother compounds. Nonetheless, dierences
between the two classes are observed in their electronic and magnetic structures. Figure 1.1
shows the time evolution of the superconducting critical temperature of the dierent classes
of compounds discovered since 1911.
The discovery of high-Tc superconductivity in the cuprates cannot be expounded by the
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Figure 1.1: Time evolution of the superconducting critical temperature. The figure is adapted
from Ref. [22].
BCS theory. In general, the underlying mechanism of high-Tc superconductivity is still un-
der discussion. Hence, it is fundamentally indispensable to search for alternative theories, or
perhaps a modified model of the BCS theory that can account for high-Tc superconductivity.
Among these models are those that postulate polaronic mechanism that are reinforced by
experimental findings, e.g. isotope eects and lattice eects in cuprates [23, 24, 25]. There
is also a debatable viewpoint that magnetic spin fluctuations play a role in the emergence of
superconductivity. Thus, one of the core topics in the research on high-Tc superconductivity
is the relationship between magnetism and superconductivity. Corroborating evidence to-
wards understanding the relationship between these two ground states is steadily ascending,
primarily deliberating as to whether this relationship is cooperative or competitive.
In addition, there are structural requirements for superconductivity which influence their
magnetic and transport properties. Looking closer into the crystal structure has initiated de-
tailed understanding that could lead to the discovery of possible superconducting materials,
giving a wider playground of several systems that could ultimately give answer and explain
the true mechanism for superconductivity.
The engineering and design of these materials geared toward applications for energy pri-
marily as a good current carrier, not only deals with the battle of increasing the critical
5
1 Introduction and Motivation
temperature Tc, but of yet another important parameter called the critical current density Jc.
Ultimately, scientists aim to have a material that superconducts at room temperature with
superb current-carrying density. What isolates a superconductor from the usual conductors
we normally have is that a wire made of superconducting coils does not heat up, hence,
avoiding power loss. This would revolutionize and maximize energy and future technology.
But presently, despite experimental progress, a satisfactory theoretical explanation remained
elusive, keeping the need and high demand for thorough attention and research on these
materials both theoretically and experimentally.
1.3 Motivation of the thesis
Understanding the mechanism of superconductivity may be a long-term coup but part of the
momentary motivation is the challenge of investigating the interesting magnetic behavior of
these complex systems. Various experiments and numerical calculations on dierent systems
are aimed at exploring magnetic eects and its enigmatic role that aects and interplays with
superconductivity. The copper oxides, or commonly known as the cuprates, are perpetual
example. The common constituent within these certain ceramic oxide perovskites is the
square planar copper-oxygen layers separated by charge reservoir layers which varies from
material to material. By tuning the chemical composition of the charge reservoir layers,
one can modify the density of charge carriers on the copper-oxygen sheet. These charge
carriers may be holes or electrons. Thus, the cuprates can be classified as either hole- or
electron-doped [26].
In these cuprate systems, interactions between electrons significantly lead to phenomena
that has led researchers to wide-ranging quest to comprehend. Such phenomena include spin
and charge (stripe) order, superconductivity fluctuations, proximity to a Mott insulator, a
pseudogap phase and quantum criticality which is frequently an ardent topic for discussion,
to name a few.
As previously described, it is a widespread knowledge that charge-carriers induced by
doping the CuO2 planes of the undoped antiferromagnetic Mott insulator enhance and lead
to superconductivity. The so-called generic phase diagram of the cuprates is asymmetric
with respect to electron- and hole- doping [27] as shown schematically in Figure 1.2. A re-
markable theory of high-Tc superconductivity has to thoroughly explain the occurring sim-
ilarities and dierences when the copper-oxide plane is doped by holes or electrons. While
for the hole-doped compounds there is already a stockpile of experimental data available,
the electron-doped side of the phase diagram still needs experimental scrutiny. The di-
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Figure 1.2: Generic phase diagram of the typically-studied cuprates.
culty in the sample synthesis accounts for this lack of database on these materials. Stud-
ies on electron-doped systems have been done and mainly identified on systems contain-
ing magnetic rare-earth ions like in Nd2 xCexCuO4 [28, 29, 30, 31, 32] and Pr2 xCexCuO4
[28, 32, 33]. In these systems, it was found that the Cu magnetism is much more robust
against doping than e.g. the one of the prototype hole-doped superconductor La2 xSrxCuO4
and that superconductivity only sets in at higher doping levels accordingly. The symmetry
or the lack thereof, between doping with electrons or holes has theoretical signification as
simple models inherently assume symmetry. Figure 1.3 shows a more recently modified
phase diagram with the thin film studies of La2 xCexCuO4. This gave a larger window for
the superconducting dome that eventually resulted to a more symmetric picture of the phase
diagram [34]. However, there is still a lack of LCCO thin films in the low-doping range. This
motivates the search for bulk samples which, in addition, has the advantage that one can per-
form, e.g. neutron scattering, to determine oxygen occupation which, as it will be discussed
below, has a major eect on magnetic and superconducting properties of the specimens.
Another criterion that influences superconductivity in these RE2CuO4 systems is the oxy-
gen content. In their as-grown state, the electron-doped materials display antiferromagnetic
order ubiquitously in the accessible doping range. It had been established that not only
adding charge carriers will drive superconductivity but rather an oxygen reduction treatment
is equivalently necessary to induce superconductivity. It will be shown in this work that
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Figure 1.3: Phase diagram of La-based cuprates. The data points in the superconducting
dome of the electron-doped side are obtained from resistivity measurements of
Tsukada et al. [34] on thin films of LCCO.
the reduction process also has influence in the magnetic properties of the undoped mother
compounds.
As a general overview in this thesis, the magnetism of the rare-earth cuprates mother com-
pounds are studied primarily using the muon spin rotation and relaxation (SR) technique.
Complementary experimental studies were also done with NMR and neutron scattering tech-
niques. One of the highlighted compounds is the novel T 0-La2CuO4. As most T 0-structures,
this is a very suitable candidate compound for electron doping. This would be more straight-
forward primarily because the complexity due to a magnetic rare-earth ion is eradicated in
this compound as La is non-magnetic. A step higher is a study of the eect of inclusion of a
magnetic rare earth ion, e.g. La1.85Sm0.15CuO4 which might modify the magnetic coupling
in the c-direction. In addition, the influence of the oxygen removal was also investigated in
the said compound. Moreover, in this work, interesting findings on the magnetic properties
and structures on another rare-earth T 0-cuprate, the Pr2CuO4, are presented and discussed.
Specifically, the eect of oxygen annealing conditions were investigated on the Pr2CuO4
compounds. From the gathered experimental data from muon spin rotation, observations
reveal their magnetic structures and indications for spin reorientation transitions.
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This chapter is intended to introduce the needed theoretical backbone for the discussion of
results in the succeeding chapters. Hence, it would be selective and topical. As one looks
at a generic phase diagram of cuprates, one must follow a certain trend to systematically
understand how the electronic structure changes with doping. This means, one has to care-
fully and precisely map the phase diagram by initially studying the undoped compound and
progressively into the doped ones. Prior to that, the structural properties has to be well-
described in order to have a physical picture to eventually infer how the magnetic and su-
perconducting properties interrelate with it. Focus is also given to the CuO2 plane as this is
the primary playground in the interplay of dierent mechanisms within the system. Richer
interactions are exhibited as these rare-earth cuprate systems are not simply two dimensional
but are rather made of stacks of planes called perovskites, specifically, these are tetragonal
systems. Additionally, rare-earth ions spice up the already complicated interpretation of the
magnetic interactions involved. Albeit complexity, a number of possible mechanisms are
suggested in which the quantum nature of the Cu spins and the underlying interactions with
weak anisotropies and interplanar couplings bring about magnetic structures that define the
magnetic properties of these systems. It is imperative to at least qualitatively understand
to what could be attributed the magnetic ordering and the observed characteristics of each
compound.
2 Structural, Electronic, Magnetic, and Superconducting Properties of Rare-Earth Cuprates
2.1 Structural Properties of T 0-RE2CuO4 Cuprates (RE=
La, Pr, Nd, Eu)
A particular interest on the comparison on the phase diagrams for hole- and electron- doping
in cuprates conjointly aims to replenish the lacking database of the electron-doped materials
and to understand the still unresolved mechanism of superconductivity. Since the discov-
ery of electron-doped superconductors in 1989 [35], the parent compounds T 0-RE2CuO4
(RE: rare-earth) of these systems were likewise intensively studied based upon the idea that
understanding these compounds would shed light to knowing the mechanism as these sys-
tems turn superconducting as a function of doping. The magnetism and conductivity of
lanthanum cuprates are incessantly the focus of interest in numerous theoretical and exper-
imental scientific exploits. This section will elaborate the crystallographic properties of the
parent compounds of the electron-doped superconductors.
The lanthanoid cuprates has customarily two dierent crystal modifications: the K2NiF4
structure (T -phase) and the Nd2CuO4 structure (T 0-phase). The underlying feature that dif-
ferentiate these two structural modifications is the absence of the apical oxygens below and
above the Cu ions of the CuO2-plane in the T 0-phase. The T 0-phase is determined to crystal-
lographically have the Nd2CuO4 structure (space group I4/mmm, no.139). Here, the copper
ions form CuO4 squares and are not octahedrally-coordinated as in the T -structure. On the
other hand, the structure of the T -La2CuO4 is congruous to the tetragonal K2NiF4-structure
but known to be monoclinically (space group Bm11, no. 8) or orthorhombically(space group
Bmab, no. 64) distorted [36, 37]. There is also another structure called the T -structure
with CuO square pyramidal sheets, having an identical metal-atom positions as those in the
K2NiF4 or Nd2CuO4, except for the order of the cations Nd(Ce) and Sr [38]. This would not
however be elaborated here. Figure 2.1 shows the comparison of the two aforementioned
structures. As already stated, the most obvious dierence is the octahedral copper environ-
ment in the T -structure compared to the planar fourfold coordination in the T 0-structure.
Furthermore, due to the missing apical oxygen, the T 0-structure has a clearly shrinked c-axis
lattice parameter.
The determining criterion deciding which of the structures is formed is the ionic radius of
the Ln3+ ion. The T -phase is formed by the La3+ ion, which has a large ionic radius, while
the T 0-phase is formed by the Ln3+ ions having smaller radius (Ln= Pr, Nd, Sm, Eu, and
Gd) [40, 41, 42]. Though there is an added impediment on the synthesis of these T 0 systems
since it has been observed that the ionic size of the rare-earth ions aects the stability of
the T 0 phase, as evident from the distorted structure of Gd2CuO4 [43], a novel synthesis
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Figure 2.1: Comparison of the T - and T 0-structure of La2CuO4. The figure is adapted from
Ref. [39].
method has to be formulated and tested to aim for structural stability. So that even there is
the boundary between La3+ and Pr3+, and systematic synthesis for T 0-Pr2CuO4 is already
established, this might make it possible, nonetheless, to produce a metastable La2CuO4 in the
T 0-structure which rather requires a more complicated and unconventional synthesis route
since the radius of La3+ is near to this boundary.
The profound interest in the dierent crystal structures of La2CuO4 from the perspective
of high-Tc superconductivity lies in the foregoing knowledge that the T -phase can be hole-
doped e.g. by Sr, and the T 0-phase can be electron-doped e.g. by Ce. There is currently
no single cuprate system that can be made superconducting by both electron- and hole-
doping. La2 xMxCuO4 with M= Sr in the T -phase for hole doping and M = Ce in the
metastable T 0-phase for electron doping, is a promising and an ideal compound that could
satisfy this fundamental aim which could eventually give a clearer picture on the symmetry
of the high-Tc cuprates generic phase diagram. Evidently, it would be the best option to have
a direct comparison of T -La2CuO4 and T 0-La2CuO4 to subsequently come up with a more
suitable discernment of the intrinsic magnetic and superconducting properties of their hole-
and electron-doped derivatives.
It was a challenge to synthesize the undoped T 0-phase mother compound and low-doped
La2 xCexCuO4 with Ce-doping as low as about x= 0.05, due to the structural instability of
the T 0-phase as it deteriorates back into the T -structure even in epitaxially stabilized thin
films [34]. Only recently, bulk T 0-La2CuO4 has been synthesized at moderate temperatures
11
2 Structural, Electronic, Magnetic, and Superconducting Properties of Rare-Earth Cuprates
from cesium hydroxide fluxes [44] and from sodium or potassium hydroxide fluxes [45,
46, 47, 48]. Having this compound is a step forward in the hope to better compare similar
compounds on both sides of the phase diagram. The use of a nonmagnetic rare earth La-ion
also simplifies the complexity in understanding the basic magnetic interactions that underlie
within the CuO2 layer. Moreover, the substitution of La3+ by smaller Ce4+ should sustain
the stability of the T 0-phase, henceforth, adding our database for the electron-doped cuprates.
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2.2 Electronic Structure of the Cuprates
The cuprates parent compounds are essentially not standard band-theory insulators but rather
what are called the Mott insulators [49]. The primary contributor to their magnetic and
electronic properties is the CuO2 layers, that results from the strong hybridization between
the Cu and O orbitals. The Cu2+ ions has nine 3d-electrons out of a maximum number of ten.
It implies that the orbital having the highest energy is half-filled. This is the 3dx2 y2 orbital
because of tetragonal crystal field [50]. A simple band-theory prediction would point out that
a half-filled electronic band at the Fermi level would be metallic. Yet, in a Mott insulator,
the carriers are highly localized. Due to the strong Coulomb repulsion between two carriers,
there is an energy cost U for them to stay on one site. This strong local Coulomb interaction
prevents electron hopping from Cu to Cu (thus discourages double occupation), suppressing
charge fluctuations, and the exchange correlation is antiferromagnetic in sign. Hence, the
system is insulating because the carriers are immovable.
Now because of the presence of the O2  ions and their valence orbitals, the case for the
cuprates becomes a bit more sophisticated. According to Ref. [50], the 2p are the relevant
O2  orbitals, that is, the in-plane orbitals that lie along the Cu-O-Cu directions,  = x, y.
Figure 2.2a illustrates this in a schematic diagram of the CuO2 plane. In the cuprates parent
compounds, the O 2p orbitals are filled and the Cu 3dx2 y2 orbitals are half-filled [51].
Figure 2.2: Schematic diagram for a) The CuO2 plane, and b) the density of states in the
three-band Hubbard model.
There is a model that is widely regarded to encompass the important low-energy electronic
interactions in the CuO2 plane and this is called the three-band Hubbard model [52]. Three
band because it involves one copper orbital and two oxygen orbitals. Figure 2.2b displays
the three-band Hubbard model. The half-filled Cu 3dx2 y2 band is split into a filled lower
Hubbard band (LHB) and an unfilled upper Hubbard band (UHB). There is an energy gap
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between the two bands which is denoted as U, the on-site Coulomb repulsion. The O 2p
band lies in between the UHB and LHB Cu 3dx2 y2 . This can imply that an electron from
the filled oxygen orbital is easier to remove than one from the half-filled copper orbital. The
Fermi energy is found between the oxygen 2p band and the UHB. The separation between the
two bands is called the charge transfer gap, D, that is the energy it takes to transfer an electron
from the oxygen to the copper. In other words, the energy to overcome for charge motion is
the energy associated with the potential dierence between Cu 3dx2 y2 and O 2px,y orbitals,
and not the strong on-site Coulomb interaction on the Cu site. Hence, the cuprates are more
appropriately referred to as charge-transfer band insulators. Since the Hubbard Hamiltonian
is said to be the minimal model that includes the strong local interactions dominating these
compounds, many theorists frequently and simply use the single-band Hubbard model. Here,
one can consider the charge transfer gap D as the eective value for U:
H=
X
i j
ti jc
y
ic j +U
X
i
ni"ni# (2.1)
where cyi, ci, and ni= c
y
i ci are the creation, annihilation, and number operators, re-
spectively, for an electron with spin (up or down)  at site i. If U  ti j the single band is
split into two, the so-called upper and lower Hubbard bands that are respectively unfilled and
completely filled at half-filling.
The Cuprate Electronic Structure Upon Doping
Doping these insulating CuO2 layers causes the emergence of new electronic ordered states
including high-Tc superconductivity. The doped holes preferentially reside in what is called
the charge transfer band composed primarily of oxygen orbitals, as illustrated in Figure 2.3.
These holes have their own spin and frustrate the magnetic interaction between neighboring
copper moments. This frustration significantly weakens the antiferromagnetic state.
On the other hand, doped electrons preferentially reside on the Cu 3dx2 y2 orbitals, as dis-
played in Figure 2.4. This only gradually weakens the antiferromagnetism since eectively
electron-doping simply results to dilution of the spin system.
Since in this thesis, only the undoped magnetic mother compounds are investigated, I refer
the interested reader to the review [53] for further reading. In the following, I will elaborate
on the magnetism of the undoped cuprates.
14
2.2 Electronic Structure of the Cuprates
Figure 2.3: Holes are doped into oxygen 2p orbitals.
Figure 2.4: Electrons are doped into copper 3d orbitals.
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2.3 Magnetism in Cuprates
A step towards coalescing the jigsaw-puzzle picture of the mechanism of superconductivity
is to understand a piece of the puzzle, the simpler undoped lamellar copper oxide systems.
As already established, T 0-RE2CuO4 crystallizes in the tetragonal structure with CuO sheets
that form a planar square lattice, in comparison to their hole-doped counterparts where the
out-of-plane oxygens move to apical positions. The presence of the apical oxygen in the
T -phase gives rise to an orthorhombic distortion that pave way to a weak Dzyaloshinskii-
Moriya (DM) interaction, leading to weak ferromagnetism [54]. This makes the interactions
in this phase a bit more complicated to decipher. On the other hand, this DM interaction is
strongest after the direct in-plane exchange interaction and therefore governs the magnetic
ordering of the T phase. As will be elaborated below, in the tetragonal T 0-phase, where DM
interaction is not present by symmetry, several weaker interaction compete and leave the
system with a manifold of nearly degenerate ground states.
A combined field of interest of superconductivity and of lower dimensional quantum
magnetism emerge. The latter was linked owing to the fact that the parent compounds of
the cuprate superconductors like La2CuO4 are essentially antiferromagnetic Mott insulators
with a system of interacting localized Cu2+ spins that conform to the rather good approxima-
tions to the simpler S= 1/2 two-dimensional (2D) square lattice Heisenberg antiferromagnet
[55, 52]. In addition, they exhibit weak anisotropies and a relatively small coupling between
the CuO2 layers that result to the formation of a three-dimensional (3D) Néel-ordered state
[56, 57, 58]. To date, a number of the best experimentally-studied systems in this category
are the tetragonal systems such as the oxychloride Sr2CuO2Cl2, Nd2CuO4 and Pr2CuO4. All
of these CuO2 systems are marked by a strong, nearly isotropic, nearest-neighbor exchange
coupling within the sheets, that is, a fairly strong Cu-Cu exchange in the CuO plane. Then
a much weaker exchange coupling between the sheets, i.e. a very small Cu-Cu interplane
exchange interaction. Moreover, in the I4/mmm structure, the interplanar coupling is ef-
fectively reduced because the exchange interaction between the nearest-neighbor planes is
frustrated [59, 60, 53], as will be shown in chapter 2.3.3.
The succeeding subsections will introduce plausible explanations governing the magnetic
mechanisms in cuprates through published theoretical and experimental results. In order to
have a clear understanding on the magnetism in cuprates, it would be best to firstly have a
look at the intrinsic fundamental nature of the CuO2 planes on a microscopic scale. After-
wards, the discussion will move a step forward by dealing with the magnetic interactions in
the investigated body-centered tetragonal (BCT) systems. Then, there will be a discussion
about resolving a question as to what happens when the system has magnetic rare-earth ions
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in it? What magnetic interactions and mechanisms govern such systems? What causes the
spins to orient themselves in a certain magnetic structure? The last subsection would in-
troduce some proposed magnetic structures and spin reorientation transitions in rare-earth
cuprates.
2.3.1 The CuO2 Plane
The most interesting features of the cuprates concerns the magnetism associated with the
Cu ions, since superconductivity occurs in the 2-dimensional CuO2 planes when doped with
charge carriers. Generally, the cuprates are characterized by small ratios of J0/J, where J0
is the exchange coupling between neighboring CuO2 planes and J is the in-plane coupling
constant. That is, the in-plane Cu exchange interactions are much stronger than along the
c-axis, thus the magnetism is quasi- two-dimensional. The Cu2+ has a spin 1/2 magnetic mo-
ment and lowering the temperature can make the system order in a way that the neighboring
Cu moments align antiparallel with each other which happens at astonishingly small tem-
peratures compared to J. In this regard, the Cu spins provide one of the forthright physical
realizations of a 2D quantum Heisenberg antiferromagnet.
Thus, the discussions herein about the magnetic properties of the studied undoped cuprate
systems, will be generally derived and be frequently elucidated in the context of the Heisen-
berg model of antiferromagnetism on a square lattice for which the leading term of the
Hamiltonian is:
H = Ji j
X
<i j>
S i  S j (2.2)
where < i j > indicates a sum over pairs of nearest neighbors, Ji j is the antiferromagnetic
exchange constant between the ith and jth spins.
2.3.2 The Quantum Nonlinear Sigma Model
Motivated by the neutron scattering experiments by Endoh and coworkers in single-crystal
La2CuO4 [56], Chakravarty, Halperin, and Nelson pioneered a theoretical model that pre-
dicts and describes the temperature dependence of the correlation length  and also the static
structure factor peak intensity S(0) of the two-dimensional square-lattice quantum Heisen-
berg antiferromagnet for a general spin S [61, 62]. They exhibited that the 2D Heisen-
berg model can be mapped onto a quantum nonlinear sigma model (QNLM) [62]. This is
the simplest continuum model that can be solved in the low-energy, long wavelength limit.
It uses finite temperature analysis consistent with the Hohenberg-Mermin-Wagner theorem
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Figure 2.5: Phase diagram of the quantum nonlinear sigma model as a function of tempera-
ture and coupling parameter g. The thick line indicates antiferromagnetic order
at T = 0. The figure was adapted from Ref. [51] and modified from Ref. [62].
[63, 64] in a hypothetical sense that rigorously shows that there is no true long-range order
in a 2D Heisenberg system at any finite temperature T . However, the QNLM predicts a
long range order at T = 0 and with this assumption, the static and dynamic properties of the
spin-12 Heisenberg antiferromagnet were derived [62].
The QNLM describes the long-wavelength dynamics of a lattice Heisenberg model [62].
The two parameters involved are the spin stiness, s and the spin-wave velocity cs. The
spin stiness is the energy cost of putting in a small rotation angle  between adjacent or
neighboring rows in the ground state. This is defined as [65]:
s =
1
N
d2E0()
d2

=0
(2.3)
where E0 is the ground state energy and N is the number of spins. For a classical Heisenberg
in 2D or in the limit of large S, s = JS 2 [66, 62]. For a long-range ordered system, the spin
stiness has a positive value. Otherwise, it is zero in the absence of long-range order.
Figure 2.5 shows the phase diagram of the QNLM as a function of temperature and the
coupling parameter g h¯cs/as. The correlation length  functions dierently in the dierent
regimes. For the case when a long-range order at T = 0 is assumed, renormalization-group
analysis results to an exponentially diverging correlation length as a function of temperature
in the T!0 limit. Hence, the correlation length in the renormalized classical regime is [62]:
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 = Caexp(2s/kBT ) (2.4)
where a is the lattice constant, s is the actual spin stiness at T= 0, that is, with the quantum
fluctuations taken into account, and C is a dimensionless constant that depends on the choice
of the system [62].
Taking large values of the dimensionless coupling constant g, there is a quantum disor-
dered regime. At this regime, quantum fluctuations keep order from happening or arising
even at T= 0. The result in such a case is that the correlation length  approaches a finite
value as T! 0 [62, 51].
The two regimes are separated by a quantum critical point, at T= 0. A power-law depen-
dence of the correlation length is anticipated at the critical coupling gc,  _ T 1. At a region
close to gc, the correlation length crosses over between dierent behaviors as a function of
temperature. As the temperature is lowered, along path (2), see pink line in the phase dia-
gram in Figure 2.5-within the quantum disordered regime close to gc- the correlation length
will become essentially temperature independent as it crosses the crossover line. Along the
path (1), see purple line- within the renormalized classical regime close to gc- the correlation
length will diverge exponentially once it crosses the crossover line [62].
The mother compounds for the electron-doped cuprates have distinguishable properties
from other antiferromagnetic cuprates. Having a tetragonal structure where Cu2+ ions form
a body-centered lattice, the Cu2+ ions in the adjacent CuO2 planes do not interact in the
mean field approximation with the assumption of a conventional isotropic exchange cou-
pling. Thus, there are some weak interactions that are manifested which may be masked
in other cuprate systems. Although comparisons with theoretical predictions [62] point out
that the Heisenberg model well-describes the magnetic properties of the cuprates, some of
the observed magnetic features depend on more subtle interactions, e.g. bond-dependent
anisotropic exchange interactions, that require more explanation and thorough understand-
ing. This will be further discussed in the succeeding sections.
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2.3.3 Frustrated Body-Centered Tetragonal Systems
A familiar feature in many magnetic systems proves that microscopic interactions can give
rise to phenomenal emergent behavior such as frustration. This happens when competi-
tion between dierent interactions of competing strength with the influence of certain lattice
symmetries, lead to a scenario where the energy of the spin bonds in the system cannot be
minimized simultaneously. This means that the resulting configurations minimize the energy
of the entire system, but not all the energies of interaction between one spin and its neigh-
bors. Consequently, this frustration results to degenerate ground states. It is customary idea
that order cannot arise from disorder. However, the lifting of degeneracy in these frustrated
magnetic systems make the system more ordered and this can remarkably be achieved by
disorder (thermal or quantum fluctuations), a phenomenon referred to as order by disorder
[67]. This theme recurs in varied condensed matter systems, from a simple nearest-neighbor
Ising antiferromagnet on a triangular or a face-centered-cubic (fcc) lattice [68, 69, 70], to
layered systems i.e. quintessential examples include the cuprates, with several competing
orders including high-Tc superconductivity and magnetism.
A large number of frustrated magnetic systems show that order by disorder mechanism
should exist in many quantum systems with a classically degenerate ground state. In a body-
centered cubic lattice (BCC) in which spins exhibit a strong second neighbor interactions
and weaker neighbor interactions, such a geometrical arrangement ensures that the classical
exchange field at any site on one sublattice due to the spins in the other sublattice is zero.
Hence, eectively now having two simple cubic antiferromagnetic sublattices that are decou-
pled in the mean field sense. The energy is independent of the value of the angle  between
the two sublattices. [71]. This is exhibited in Figure 2.6.
Henley provided a simple physical explanation to the tendency of the system toward
collinear ordering by quantum fluctuations [73, 74]. Specifically, his arguments include
what happens when external fields hi are applied to an antiferromagnet. Figure 2.7 schemat-
ically illustrates that with uniform hi, the fixed-length spins in each sublattice will prefer to
be transverse to the field since they can gain energy by relaxing towards it. This occurs since
there is no net coupling of the field to the ground state in first order [72];
NX
i
hi  Si = 0 (2.5)
Because of quantum disorder (fluctuations), the exchange field acting on (for example) the
even sublattice has a random fluctuating odd component from the odd sublattice as illustrated
in Figure 2.7 [72].
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Figure 2.6: Two antiferromagnetic sublattices on a BCC lattice. Note that the mean field
due to spins in one sublattice (i.e. spins at the corners shown by filled circles)
on the spins in other sublattice (i.e. spin at the center shown by open circle) is
zero. Therefore in the classical limit, the energy of the system is independent of
, resulting an infinite degenerate ground state manifold. Reproduced from Ref.
[72].
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Figure 2.7: A schematic illustration of ordering by disorder. Top right figure shows the quan-
tum zero point fluctuations which give rise to a random field h? perpendicular
to the direction of the ordered moment. On the middle we show how an anti-
ferromagnet orients itself to an external field. On the bottom, we consider the
fluctuating component of the spins in one sublattice as an external field acting
on the spins in other sublattice. This leads to collinear ordering by zero-point
fluctuations of the spins. Reproduced from Ref. [72].
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2.3.4 3D Ordering in (BCT) Rare-Earth Cuprates
The magnetism in a body-centered tetragonal (BCT) structure is dominated by a strong an-
tiferromagnetic inplane Cu-Cu exchange interaction with a coupling constant J. The mag-
netic interaction perpendicular to the planes (J0) is very much reduced. This is because the
isotropic exchange between nearest-neighbor CuO2 sheets in these systems is fully frustrated
as discussed in the previous chapter. That means, in a tetragonal symmetry, the mean field
exerted by one CuO2 layer on an adjacent layer vanishes. Therefore, this system can be
considered as a very good approximation of the S= 1/2 two-dimensional (2D) square lattice
Heisenberg model which does not possess a magnetic phase transition at finite temperature.
According to the Mermin-Wagner theorem [64], it is forbidden for a 2D system with a con-
tinuous order parameter to have a symmetry-breaking transition (e.g. to antiferromagnetic
order) at a non-zero temperature. The undoped cuprates, however, exhibit 3D magnetic or-
der. The three-dimensional magnetic ordering in body-centered tetragonal (BCT) structures,
which happens at a rather low temperature compared to J and the actually realized magnetic
structure is therefore governed by subtle interactions like bond-dependent anisotropic ex-
change, in-plane anisotropy arising from quantum zero point energy, easy-plane anisotropy
due to a combination of spin-orbit and Coulomb interactions, biquadratic exchange, and di-
rect Cu-Cu magnetic dipole interactions [71]. Due to the tetragonal symmetry at the Cu sites,
the dominant spin-spin anisotropy is the XY symmetry [71]. The combination and competi-
tion of these small interactions determines the relative ordering of the spins in neighboring
planes and the orientation of the Cu spins within the easy plane. The breaking of the XY
rotational invariance is especially noteworthy since the S= 1/2 Cu does not allow for a single
ion anisotropy.
In the commonly-studied orthorhombic T -La2CuO4 (T -LCO), an orthorhombic distortion
of the lattice breaks the tetragonal symmetry, partially lifting the interplanar frustration, and
the transition was accounted for by the finite coupling between planes and by the antisym-
metric spin exchange anisotropy [54]. The latter anisotropy is absent in tetragonal lamel-
lar systems but rather contain several novel anisotropies. For the body-centered tetragonal
(BCT) cuprates, there exists frustration of the interplanar coupling. In a lot of cases such as
for the Nd2CuO4 [59], the exchange interaction between adjacent CuO2 planes is as low as J0
 10 8 J which is rather too small to drive the observed transition to three-dimensional order
[51]. The ordering is rather fostered by the XY anisotropy that arise in the systems due to
spin-orbit coupling. As the temperature is lowered, this anisotropy causes a crossover from
2D Heisenberg to 2D XY correlations [51]. In a magnetic system with XY anisotropy, the in-
plane spin fluctuations behave dierently from out of plane spin fluctuations. This paves way
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to what is referred as a Kosterlitz-Thouless transition [75], a non-symmetry-breaking order,
in which the correlation length in the planes starts to diverge [59, 76, 51]. Thus, in a case
when this correlation length is suciently large, the otherwise weak interplanar coupling
causes three-dimensional order.
Since it was assumed that the CuO2 planes are not very dierent in the T 0-RE2CuO4
rare-earth cuprates and in the tetragonal compound oxychloride Sr2CuCl2O2 (SCCO), it
is as well essential to point out some experimental investigations on this analogue com-
pound that are also believed to be candidate electron-doped compound. The similarities
lie on the fact that the anisotropy of the Cu-Cu exchange is the same in the T 0-RE2CuO4
as in SCCO [77, 55]. Single-crystal X-ray diraction studies confirm the body-centered-
tetragonal (I4/mmm) K2NiF4-type structure of this compound [78, 79]. It has CuO2 planes
similar to the orthorhombic T -La2CuO4 but has the dierence of having the out-of-plane
oxygens replaced by Cl and the La by Sr. It does not then exhibit the out-of-plane canting
seen in T -La2CuO4 related to the tetragonal to orthorhombic transition. The Cu2+ S=1/2
magnetic moments order in 3D below TN ' 260 K- along the [110] crystal direction [80] in
a collinear structure. Good thing about Sr2CuO2Cl2 is that it remains tetragonal even at low
temperatures and has larger interplanar lattice spacing compared to T -La2CuO4 making it an
ideal prototype material of a two-dimensional spin-1/2 Heisenberg system.
As a recapitulation, the underlying features of the Cu subsystem of the BCT cuprates
remain the same as the other cuprates without magnetic ions such as the orthorhombic T -
La2CuO4 (LCO)[81] and Sr2CuO2Cl2 (SCCO) [82], (i.e. there is strong intraplane coupling
and weak interplane exchange interactions resulting to a low-temperature antiferromagnetic
long-range ordering of Cu spins that is characteristic of quasi- 2D Heisenberg antiferromag-
net).
In contrast, the cuprates which include a magnetic (NCO) or nearly magnetic (PCO) rare
earth element in their structure possess qualitatively very dierent magnetic structures from
the above mentioned compounds. This suggests that the interaction of the Cu and the rare
earth (RE) subsystems greatly modifies their magnetic properties. Further quantification of
the role of the RE-RE interaction has to be done in these systems although it is understood
that the RE ions exhibit magnetic moments that are primarily induced by the exchange field
of the Cu ions [59]. Thus, the weak pseudo-dipolar interaction which derives from this
slight polarization of the magnetic RE angular momenta by the antiferromagnetic ordered
Cu spins plays an important role for the actually realized spin structure [83]. Unlike in the
orthorhombic T -LCO and SCCO, the rare-earth cuprates prefer a noncollinear arrangement
of Cu spins which seems to be attributed to the presence of the magnetic rare-earth ions [84].
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2.3.5 Rare-Earth Magnetism in Cuprates
The magnetic interactions in rare-earth (RE) cuprates T 0-RE2CuO4 (RE= Pr, Nd, Eu) crys-
tallizing in the tetragonal structure, have been the subject of various studies. Specifically
because, rare-earth (RE) cuprates demonstrate atypical but riveting magnetic behavior in-
volving both the copper and rare-earth spin subsystems which exhibits a large single-ion
anisotropy. Electron-doped cuprates parent compounds are consisting of a rare-earth sub-
lattice and a copper sublattice. Typically, compounds with rare-earth and a transition metal
(e.g. Cu) are distinguished by intrinsic properties governed by exchange interactions and
magnetocrystalline anisotropies. The exchange interactions occur between all unpaired RE-
4f and Cu-3d electrons. In rare-earth cuprates, there are three types of interactions, namely,
the RE-RE, the Cu-Cu, and the RE-Cu interactions. The large magnetic moments that can
exist at the rare-earth sites and their response to the local crystal field determines the mag-
netism of the RE system. Significantly, the dierent magnitudes of the magnetic moments
of the rare-earth ions lead to dierent magnetic structures.
Table 2.1: The magnetic properties arising from RE moments. The RE eective moment is
from a fit of the high-temperature susceptibility to the Curie-Weiss law while the
ordered moment is estimated at low temperature from 0.4 to 10 K mostly from
neutron-scattering experiments. The Néel temperature corresponding to the mag-
netic ordering of the RE moments was determined using specific heat. Compiled
by Armitage et al. [53] from the works of [85, 59, 86, 87] and references therein.
PCO NCO SCO ECO GCO PLCO
J 4 9/2 5/2 0 7/2 -
Eective moment 3.65B 3.56B 0.5B 0B 7.8B -
Curie-Weiss
Ordered moment 0.08B 1.23B 0.37B 0B 6.5B 0.08B
measured
RE Néel temperature (K) - 1.7 5.95 - 6.7 -
Table 2.1 presents the estimated magnetic moment of the commonly used rare-earth ions
in the electron-doped cuprates. It could be that the strong coupling of the rare-earth ion to
the Cu spin sublattice results to successive spin reorientation transitions. A typical example
is the Nd magnetic moments which is known to enlarge in decreasing temperature because
it is a Kramers doublet [88]. This temperature-dependent complex interaction of the Nd
ions with the Cu sublattice has a striking implication to the low-temperature properties that
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characterize pairing symmetry [53]. In addition, the strong anisotropy of the structure and
the presence of some defects complicate the interpretation of experimental results. Con-
sequently, it is of fundamental importance to thoroughly look into the nature of magnetic
interactions which determine the three-dimensional (3D) magnetic structure.
2.3.6 Cu Spin Reorientations in Nd2CuO4 and Pr2CuO4
As already pointed out, for most of the case of the electron-doped cuprates having rare-
earth ions, it was observed that additional magnetism originates from the large magnetic
moments that can exist at the rare-earth sites. This can also imply that for dierent rare-
earth ions, it will exhibit dierent spin magnitudes that lead to dierent magnetic structures,
some of which with well-defined order [53]. The reader is referred to the review of Lynn
and Skanthakumar [87] for more details on the magnetism of the rare-earth ions on these
compounds.
For the case of Nd2CuO4, it was known early on that the moderately large magnetic mo-
ment of the Nd ion couples to the Cu spins sublattice [89, 90]. It is believed that this ef-
fective RE-Cu interaction is responsible for the two spin reorientation transitions between
noncollinear magnetic structures that have been observed as a function of temperature for
Nd2CuO4 [91, 92, 59, 93, 94, 60, 95] with the Nd ion possessing a magnetic ground state. In
fact, the reordering and the low temperature interaction of the Nd and Cu were first observed
by muon spin rotation and relaxation by Luke and coworkers [31] that were later confirmed
by other techniques such as crystal field spectroscopy [96] and ultrasound propagation ex-
periments [97]. These transitions are observed in neutron scattering as sharp changes of
intensity for specific Bragg reflections, as shown in Figure 2.8.
As temperature decreases, these reflections reveal a growing interaction between the Cu
and the Nd spins [53]. A so-called phase I noncollinear magnetic structure is first exhibited
as Cu spins order below TN1  276 K. At lower temperatures, there are two other successive
spin reorientation transitions which are at TN2 = 75 K and TN3 = 30 K. At TN2, the so-called
phase II come about wherein the Cu spins rotate by 90 about the c-axis and the rotation
direction is opposite for two successive Cu planes. Then at TN3, phase III occurs wherein
they realign back to their initial direction. Thus, making phase I and III identical with the
dierence that the Nd magnetic moment had grown larger at low temperatures because it
is a Kramers doublet. Figure 2.9 illustrates these phases of NCO spin configurations at the
characteristic reorientation temperatures. Lastly, an additional Bragg intensity is observed
below 1.7 K originating from the antiferromagnetic ordering of the in-plane oriented Nd
moments. This characteristics at low temperature indicates the presence of substantial Nd-
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Figure 2.8: Elastic neutron-scattering intensity as a function of temperature at the (1/2 1/2 0)
reciprocal space position for as-grown Nd2CuO4.The figure is reproduced from
Reference [87].
Nd interaction on top of the Nd-Cu interactions that define the transitions at TN2 and TN3.
Thus, the sequence of spin reorientations in NCO is inferred by competing Nd-Nd, Nd-Cu,
and Cu-Cu interactions.
Sachidanandam and coworkers [60] have shown that the dominant interactions is the
Cu-Nd interactions that are between nearest neighbors. These interactions cannot be the
usual isotropic exchange interactions because in such a case, the exchange field on a Nd ion
would vanish when summed over the neighboring plaquette of Cu ions [60]. Consequently,
anisotropic interactions, such as dipolar interactions, are instead considered [98]. However,
the dipolar interaction has the wrong algebraic sign that it cannot elucidate the low tempera-
ture phase of NCO. Moreover, the magnitude of the dipolar interaction is rather small to be
relevant in this context [60]. Thus, it is inevitable to introduce a pseudodipolar interaction
that results from the anisotropic component of the Nd-Cu exchange interaction [71]. The
dominance of this interaction then reveals that there is a tight coupling between a Cu plane
together with the nearest-neighboring Nd planes [60].
On the one hand, no such reorientation transitions have been observed with neutron scat-
tering for Pr2CuO4 [33] since Pr has a non-magnetic ground state, but has a polarizable low
lying crystal field level. Only when a very small hydrostatic pressure of 0.25 GPa is applied
to Pr2CuO4 [99] a very discontinuous behavior of the magnetic peaks is observed which has
been interpreted as spin reorientation transitions analogous to the case of Nd2CuO4.
Figure 2.10 shows the proposed magnetic models for the Pr2CuO4 [33], which are not
distinguishable in a simple neutron scattering experiment. But as with all the other known
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Figure 2.9: Possible relative orientations of spins in the chemical unit cell of Nd2CuO4. Here
the open circles are Cu ions and the filled ones RE ions.The figure is reproduced
from Ref. [60].
rare-earth cuprates and as cited in the review paper [53], experimental investigations on
Pr2 xCexCuO4 (PCCO) and Pr1 y xLayCexCuO4 (PLCCO) similarly give evidence of the
same noncollinear c-axis Cu spin order as phase I NCO. In addition, the SR experiments
on single crystal (Pr2 xCex)CuO4  support a noncollinear cross-like structure with a hidden
canting arrangement of the spins [100]. At low doping, the magnetic moments at the Pr
site have been observed to be small but nonzero due to exchange mixing with a value of
approximately 0.08 B/Pr [33, 101]. Matsuda and coworkers [59] claim that due to the small
moment, the magnetic transitions linked with the RE-Cu and RE-RE interactions in NCO do
not seem to occur in PCO [59]. Nonetheless, there is indication for Pr-Pr interactions in both
the in-plane and out-of-plane directions mediated by Cu spins [33].
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Figure 2.10: Proposed spin structure configurations for the Cu and Pr ions in Pr2CuO4. a)
Domain of the collinear model, b) Noncollinear model. The figure is adapted
from Ref. [33].
2.3.7 Definition of Magnetic Structure Models for the T 0-cuprates
As discussed in the previous sections, various magnetic structures are realized in the dierent
cuprates with no consistent naming convention used by the dierent authors. Therefore, in
this section, I will define the naming convention for the dierent structures that I will later
use to discuss the experimental data obtained in this thesis work.
In electron-doped cuprates, it was already previously mentioned that the resulting isotropic
exchange between planes cancels out due to an in-plane alignment and crystal symmetry, and
the three-dimensional (3D) magnetic order is governed by a delicate balance of the RE-Cu
coupling, superexchange, spin-orbit, and Coulomb exchange interactions [53, 71, 60, 83, 87].
However, in all cases, the resulting spin configuration favors the one where the in-plane
nearest neighbor spins are coupled antiferromagnetically due to the strong superexchange
coupling J along the Cu-O-Cu bonds. In the BCT cuprates it is experimentally found that
dierent spin structures are actually adopted [33, 60, 87, 102, 84, 101]. From elastic neu-
tron scattering experimental findings, the cuprates are generally proposed to possess either
a collinear or a noncollinear spin configuration. In the noncollinear structure, the spins
are pointing along the Cu-O bonds, while in the collinear structures, which is for exam-
ple adopted in the orthorhombic T -LCO [26], the spins point at roughly 45  to the Cu-O
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bond directions (i.e. along the diagonal of the ab-plane). To understand the proposed mag-
netic models, the following will further illustrate these spin geometries or configurations and
it will focus on the geometries achieved by body-centered tetragonal structures such as the
T 0-cuprates.
In the case of T 0-RE2CuO4 cuprates with the I4/mmm structure, there is one magnetic
ion in the primitive cell. Typically for the tetragonal structures, the two antiferromagnetic
propagation vectors K1=(12 ,
1
2 ,0) and K2=(-
1
2 ,
1
2 ,0) are found experimentally. The magnetic
representation of the symmetry group of these propagation vectors can be decomposed into
irreducible representations (IR). These are 3, 5, and 7 in the Kovalev notation [103].
3 and 5 possess magnetic order parameters with the Cu moments within the plane while
7 has moments in c-direction. Due to the strong easy-plane anisotropy of the cuprates
[104, 101, 105, 53], I will consider only 3 and 5 in the following.
Landau’s theory of second order phase transition states that the low symmetry phase (or
the low-temperature phase) can be described by the order parameter belonging to only one
of the irreducible representations (IR).
The Cu spin geometry of T 0-RE2CuO4 cuprates is shown in Figure 2.11, along with its
2D projections. The Cu spins in neighboring planes are distinguished by color such that the
Cu spins within the plane are in blue and the spins in the center of the unit cell are drawn in
red. This results in alternating blue and red layers of spins which I will also sometimes call
even and odd layers. Additionally, the rotation angles of spins in the dierent planes are also
defined in the figure.  is the angle of rotation of the in-plane spins (blue spin in the figure),
 is the angle of rotation of the spin in the neighboring plane (red spin in the figure). The
angle between the two spins at the origin of the unit cell and in the center, i.e. on neighboring
planes, is given by  =  - .
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Figure 2.11: Definition of the unit cell and angles of the spin structure of T 0-cuprates used in
this thesis. As an example the Col I(K2) structure is shown.
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In Figure 2.12 and Figure 2.13, magnetic structures which belong to the 3 and 5 IR,
respectively, are depicted. The most simple magnetic structures which are allowed by sym-
metry are collinear AFM structures which are generated from a single propagation vector and
therefore possess a one-component order parameter. In Fig. 2.12, these are the two structures
Col I(K1) and Col I(K2). In these structures the blue and red spins are either parallel ( = 0)
or antiparallel ( = 180), i.e. a collinear spin arrangement is obtained. The two collinear
structures originating from K1 and K2 propagation vectors, are energetically degenerate do-
mains in the tetragonal system. Also, if one domain from K1 propagation vector is rotated
as a whole by 90, the corresponding structure originating from the K2 propagation vector
is obtained. Therefore, these kinds of structures are sometimes called 90-domains. Here,
I would like to introduce a simplified nomenclature of the magnetic structures as shown in
the figures. Collinear structures will be referred as Col and noncollinear structures will be
referred as NCol. The Roman numeral (I) will describe the structures belonging to 3 IR
while the (II) are those structures belonging to 5 IR.
The lower two structures shown in Fig. 2.12 are special cases of non-collinear structures
with  =  90 or  =  270. Please note that the non-collinear structures are linear combina-
tions of the two collinear structures from the same IR, i.e. in a non-formal notation NCol I(+)
= Col I(K1) + Col I(K2) and NCol I( ) = Col I(K1) - Col I(K2). For a more rigorous mathe-
matical formulation, the interested reader is referred to the group theoretical treatment given
in [103, 106]. In the same way, non-collinear structures can be composed from the collinear
structures for the IR 5, see lower two structures in Fig. 2.13. It is evident that again, also the
two non-collinear structures from the same IR are 90-domains with respect to each other
and are therefore energetically degenerate in the tetragonal system.
It is also interesting to compare the structures that are derived from the IR 3 (Fig. 2.12)
with the ones obtained from IR 5 (Fig. 2.13). All four structures have a corresponding
structure in the other figure with the only dierence that the red spins are rotated by 180
in the IR 5 structures compared to the ones from the IR 3 structures. This leads to the
situation that e.g. the the NCol I possesses a 2-in-2-out magnetic structures while NCol II
exhibits a 4-in-4-out structure. As it is evident by this simple argument, these two structures
therefore are dierent in anisotropy energy and one may be favored above the other.
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Figure 2.12: Special spin structures belonging to the 3 IR. The Col I(K1) and Col I(K2)
structures are energetically degenerate 90 domains in a tetragonal system. The
NCol I structures can be obtained by a linear combination of the upper structures
with equal contribution of the two collinear domains.
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Figure 2.13: Special spin structures belonging to the 5 IR. The Col II(K1) and Col II(K2)
structures are energetically degenerate 90 domains in a tetragonal system. The
NCol II structures can be obtained by a linear combination of the upper struc-
tures with equal contribution of the two collinear domains.
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As shortly summarized in the previous sections of this thesis, the four structures Col I
and NCol I (Fig. 2.12) and Col II and NCol II (Fig. 2.13) have been used in the literature to
describe the magnetism of the various rare-earth cuprates. Anyhow, these are only special
cases of a larger group of magnetic structures with K1 and K2 propagation vectors that are
allowed by symmetry. In general, any coherent superposition (linear combination) of the
two collinear structures within one IR is symmetrically allowed. This leads to the general
structures for the IR 3
c ColI(K1) + d ColI(K2) (2.6)
and for the IR 5
c ColII(K1) + d ColII(K2) (2.7)
with c and d being arbitrary real constants.
Some examples of these general case structures are given in Figure 2.14 and Figure 2.15
for 3 and 5, respectively. As one can verify in the given figures, an arbitrary linear combi-
nation of the collinear structures does not produce spin structures with an arbitrary alignment
of the individual spins but rather still reflects the symmetry of the system. This results e.g. in
the fact that only 90 NCol structures are produced with the spins pointing along the Cu-O
bonds and Col structures with the spins pointing along the diagonal of the ab   plane. Also,
the angles  and  in the even (blue) and odd (red) planes can not be chosen independently.
It follows that if a blue spin is rotated by an angle D the corresponding red spin is forced
by symmetry to be rotated by  D. Since all rotation angles D are allowed, one can arbitrary
choose an origin for this rotation as given in the corresponding figures. One can easily verify
that for the IR 3 (Fig. 2.14) the relative angle between the even and odd plane spins is given
by  =  2D while the for the IR 5 (Fig. 2.15) the relation  = 180   2D holds.
As said before, in a mean field sense and in the absence of any XY anisotropy in the
plane, all these symmetry-allowed magnetic structures are energetically equivalent. Since all
anisotropies which exist in the real system are small and several interactions might compete,
it is not per se obvious which structures can and cannot be realized. Therefore, the most gen-
eral models described in this section should be compared against the experimentally obtained
data. This will be done in the later chapters of this thesis.
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Figure 2.14: Symmetry allowed general spin structures belonging to the 3 IR. All structures
can be obtained by a linear combination of the two collinear domains Col I(K1)
and Col I(K2). Note that the relative angle between the spins in neighboring
planes is given by  =  2D.
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Figure 2.15: Symmetry allowed general spin structures belonging to the 5 IR. All structures
can be obtained by a linear combination of the two collinear domains Col II(K1)
and Col II(K2). Note that the relative angle between the spins in neighboring
planes is given by  = 180   2D.
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2.4 Superconductivity in the Rare-earth Cuprates
Previously, the phase diagram of hole-doped materials has vaster superconducting dome
and a smaller antiferromagnetic region as compared to their electron-doped counterparts.
However, this picture had changed when a study on a series of doped rare-earth cuprates
Ln2 xCexCuO4+y (Ln = La, Pr, Nd, Sm, Eu) thin films summarized in Figure 2.16, exhibit
an increasingly larger superconducting dome with increasing ionic radius of the Ln-ion [34].
The largest lanthanide ion which is La, gave the maximal Tc of around 30 K that occurs
at a doping level around 0.1 [34, 107, 108]. Another interesting note in the phase diagram
is the abrupt disappearance of superconductivity towards lower doping [31, 109]. Yet, one
factor plays an important role here. That is, by improving the oxygen removal process i.e.
in the compound Pr2 xRExCuO4+y, the superconducting region can be extended even with
a slightly increased critical temperature down to a doping level of around x=0.04 [110].
As discussed in the introduction of this thesis, this leads to a more symmetric phase diagram
with respect to the hole-doped cuprates. In the subsequent chapter, I will elaborate on the im-
portant role of the oxygen reduction and high temperature annealing on the actually-adopted
electronic ground state.
Figure 2.16: Phase diagram of electron-doped high-TC superconductors LN2 xCexCuO4
(LN= La, Pr, Nd, Sm, and Eu). The figure is adapted from Ref. [34].
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2.5 Oxygen Occupation in T 0-RE2CuO4 and the
Reduction Process
Intrinsic dierences between hole- and electron-doped superconductity in the cuprates phase
diagram have been partly blurred by an enduring materials issue encompassing the annealing
process in the electron-doped materials. This is first demonstrated through the studies on sin-
gle crystals of Pr2 xCexCuO4 that extended the superconducting region down to x= 0.04 via
a novel reduction route [110]. These observations of superconductivity in the underdoped
regime, evidently, are not greatly accounted in terms of carrier doping into a parent com-
pound of a Mott insulator as is the case for the hole-doped cuprates. There has to be a better
and deeper understanding and explanation as to how superconductivity arises after reduction
annealing in the electron-doped systems.
In this connection, a fundamental question also concerns the origin of the antiferromag-
netic order in the phase diagram of these materials. It is widely known that as-grown crystals
having the T 0-structure tend to contain excess oxygen. Since reduction annealing causes the
destruction of this antiferromagnetic order in the doped compounds, and subsequently the
emergence of superconductivity, this then leads to the notion that the antiferromagnetic order
originates from the remaining excess oxygen in the system. Altering the oxygen stoichiom-
etry indicates changing the carrier doping. Although various citations provide sometimes
contrasting but lucid explanations about the eect of reduction annealing, the dierence in
viewpoints arise from the fact that in oxygen reduction, there is a degree of freedom as to
which among the oxygen sites is vacated during the process. Consequently, distinctive elec-
tronic properties evolve bringing about particular phenomena or mechanism.
Several plausible scenarios had been proposed to verify the eect of the annealing process
that enhances the material towards superconductivity.
There are two primary sites that oxygens occupy in electron-doped cuprates: O(1) in the
CuO2 planes and O(2) in the rare-earth oxide layers. Ideally, the T 0-structure should not
contain the apical oxygen O(3). There are, however, experimental accounts from Mössbauer
spectroscopy [111], Raman and far-infrared crystal-field spectroscopy [112, 113], neutron
scattering [114, 115], and extended X-ray absorption fine structure (EXAFS) spectroscopy
[116, 117], depicting the presence of O(3). Thus optimally, reduction annealing should solely
remove apical oxygen atoms while maintaining intact the oxygen sites at O(1) and O(2) occu-
pied. A common viewpoint is that the presence of even a minute amount of randomly-doped
apical oxygen in the as-grown materials instigates localization of doped electrons and thus
obstructing superconductivity to emerge. The apical oxygen empirically plays the role of a
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very strong scatterer as well as a pair-breaker due to magnetic (Kondo) scattering by Cu spins
induced by residual apical oxygen [118]. Accordingly, in the metallic doped compounds, the
Néel temperature depends dramatically on the oxygen reduction as shown in as-grown non-
superconducting Pr1.85Ce0.15CuO4+ and Nd1.85Ce0.15CuO4 where antiferromagnetic cor-
relations develop below TN  150 K but essentially disappear in reduced superconducting
samples [119]. This statement does not only hold for x 0.15 but also over a whole range
of x. Hence, in this case, it is suggested by Matsumoto and coworkers [120] that the role of
the oxygen-reduction process is to primarily remove the excess apical oxygen in the system.
This then substantially increase the mobility of doped electrons to permit metallic behavior,
decreasing impurity scatterers, and allowing superconductivity to flourish. However, details
about this speculation have not yet been verified.
Tokura and coworkers [35] had originally suggested that an as-grown material had stoi-
chiometric oxygen and the reduction process eliminates oxygen from the CuO2 plane. This
makes the oxygen content less than four and hence introduces mobile electrons into the sys-
tem. In addition, some other experimental works like Raman scattering and infrared trans-
mission measurements on PCCO [112] and NCCO [113] demonstrate that reduction did not
aect the apical oxygens. In the Raman scattering results, O(3) was unaected by reduction
but the feature related with O(3) is observed to increase with Ce concentration. It was then
concluded that O(3) is bound strongly to the Ce4+ ion that is in the proximity. Measurements
of the rare-earth crystal field excitations with the use of infrared transmission spectroscopy
displayed that the eect of reduction changes at x= 0.08 Ce concentration. Madelung po-
tential considerations found that below this concentration, it was the out-of-plane O(2) that
is removed, while it is the O(1) that is taken out when the Ce concentration is above this
concentration [113, 112]. Contrary to expected results, the astonishing conclusion turned
out that for superconductivity to emerge, oxygen must be taken out from the very CuO2
planes thought to be of critical importance to superconductivity. To account for this apparent
contradiction, Mang and coworkers [27] proposed that this can be understood and explained
by the partial decomposition of NCCO and the appearance of an epitaxial secondary phase
(Nd,Ce)2O3 as a decomposition by-product of reduction. This phase, representing approx-
imately 1% of the entire volume, remarkably disappear with oxygenation. It was proposed
that since this secondary phase does not contain Cu ions, these might be because these zones
act as Cu reservoirs for the Cu that migrate into the CuO2 planes during the reduction pro-
cess and are said to repair the defects intrinsic in the as-grown materials, resulting in Cu
deficient region with the epitaxial (Nd,Ce)2O3 intercalation [121]. Hence, the decrease in
the density of the Cu vacancies in the CuO2 planes eliminates pair-breaking sites allowing
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superconductivity to emerge. Figure 2.17 illustrates the structures of the materials investi-
gated by Kang and coworkers [121], depicting an intrinsic presence of Cu deficiencies in the
as-grown material and the repair of these deficiencies after oxygen reduction along with the
appearance of the impurity phase.
Figure 2.17: a) Typical T 0-structure of PLCCO, b) as-grown PLCCO with random Cu va-
cancies in the CuO2 planes, c) Structure of an oxygen-reduced PLCCO with a
Cu-free secondary phase and a repaired Cu vacancies in the CuO2 plane, the
Cu atoms have been removed from one layer leaving behind a thin slab of the
anion-deficient fluorite impurity phase: R2O3 = (Pr,La,Ce)2O3, d) The vacancy-
ordered C-type sesquioxide structure of the R2O3 impurity phase (space group
Ia3). The figure was taken from Ref. [121].
In addition to speculative notion to the role it plays in enabling superconductivity, the
oxygen reduction process is said to also add charge carriers. Experiments to tune super-
conductivity were carried out with varying doping concentrations and annealing conditions.
Mang and coworkers [27] confirmed earlier works of Luke and coworkers [31] with their
neutron scattering studies on NCCO. They provided a phase diagram showing the Néel tem-
perature as a function of cerium content resulting to a TN(x) line going to zero at x0.17.
With these results, they claim that reduction lowers TN and the corresponding staggered in-
plane magnetization, while enhancing superconductivity. This change in TN(x) with oxygen
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content was then interpreted as a direct consequence of carrier doping. That is, oxygen re-
duction acts exactly like cerium substitution [27]. However, these results had been refuted
by Motoyama and coworkers who asserted that the antiferromagnetic state terminates at x
 0.134 [122]. These results may then point out that this shifting of TN(x) by an amount
corresponding to the added electron contribution from reduction is only applicable for low
dopings. Dierent mechanisms may be occurring near superconducting compositions.
The old school knowledge about the complete removal of the apical oxygen atoms extends
the generic phase diagram of the superconducting T 0-cuprates is also confronted with the re-
port on the discovery of superconductivity in undoped T 0-(La,RE)2CuO4 with Tc of over 30
K. This has made a stir in the high-Tc superconductivity community as this had contested pre-
vious knowledge about these compounds to be generally insulating and not superconducting
without doping [123, 124]. In addition and very astonishingly, thin films of Nd2 xCexCuO4
(NCCO) show superconductivity in a wide range even at x= 0 when the films are properly re-
duced [120]. Moreover, clarifying the question whether these are undoped superconductors
or oxygen-doped Mott-Hubbard superconductors substantially points at optimizing reduc-
tion conditions to be the main driving force for superconductivity. This is further proven
by the undoped Gd2CuO4 that has a Tconset as high as 20 K and up-to-now, there has been
no citations that electron-doped Gd2 xCexCuO4 gets superconducting. A very recent inten-
sive work of Krockenberger and coworkers [125] on T 0-Pr2CuO4 illustrates the influence of
the annealing conditions. More specifically, they investigated and compared the influence
of doping to the influence of annealing and they speculated that a hidden, hole-like Fermi
surface may be present. This was checked by implementing a new systematic two-step an-
nealing scheme revealing certain annealing conditions that suitably preserve the T 0-structure
and induce superconductivity into Pr2CuO4 [125]. In this two-step scheme, they illustrated
that the as-grown compound contains more than the stoichiometric amount of oxygen which
are randomly distributed at apical sites. As said above, this presence of additional oxygen
has already been previously known [114, 115]. The first annealing step did not cause any
change in the lattice parameters in comparison to the as-grown sample. However, an increase
in the resistivity value is observed. Such behavior was explained by the introduction of oxy-
gen vacancies in the CuO2 plane. The presence of such defects would sharply disturb the
electronic conduction. After the sample is annealed for the second time, the in-plane defects
are repaired by relocating apical oxygen atoms to the planes that significantly lowered the
observed resistivity. This final step provides electronic properties similarly observed for the
cerium doped superconductors [126], especially it induces superconductivity in the undoped
compound.
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3.1 Overview
Muon spin rotation and relaxation, denoted here as SR, is an experimental technique dis-
tinctively used to explore magnetic order, magnetic fluctuations, and superconductivity in
various condensed matter systems. It utilizes a short-lived subatomic particle called a muon,
whose spin and charge are sensitive local magnetic and electronic probes of matter.
SR is a good complementary technique as it closes the gap with the relatively faster neu-
tron scattering and the slower nuclear magnetic resonance (NMR). It is, in fact, similar to
NMR and electron spin resonance (ESR) on the basis of the probe’s magnetic moment (in
this case, the muon’s spin) response in the local magnetic field. Moreover, in comparison to
the nuclei and electrons used for NMR and ESR, respectively, the muon is an unstable par-
ticle having a mean lifetime of 2.2 s that it has to be intermittently or constantly implanted
into a sample by a pulsed or a continuous muon beam. However, as it is nearly 100% spin
polarized, it has the edge of conducting measurements without having to necessarily apply
a magnetic field in the course of the experiment, contrary to NMR or ESR. Consequently,
magnetic and nonmagnetic materials can be probed with great accuracy at a wide range of
accessible temperature. One strength of SR is its capability to investigate magnetically
inhomogeneous materials. These are materials with chemical inhomogeneity or more inter-
estingly, those with competing interactions in a chemically inhomogeneous system which
lead to interesting phenomena such as phase separation or competition or coexistence of
dierent ground states.
Muons are particularly very sensitive to small internal magnetic fields making them very
usable to measurements where magnetism is weak or dilute. In a magnetically-ordered ma-
terial, SR is a great tool to measure the magnetic order parameter, magnetic fluctuations, or
changes in magnetic structure. It is notably useful for antiferromagnetic systems with small
ordered magnetic moments, short-range order, disordered systems, such as spin glasses (ran-
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domness), or systems with dilute magnetic impurities. We can investigate many dierent
systems having dierent magnetic structures in which we have nuclear moments, electronic
moments, static moments, or fluctuating moments. All these dierent situations will give a
distinguishable SR signal that has a theoretically predicted, given relaxation function.
SR is an important technique also used in the investigation of the structure of vortices
within the bulk of superconductors. It is used to measure the absolute value of the magnetic
penetration depth in the vortex state of type-II superconductors. Essentially, with the state-
of-the-art facility with ultra-low energy muons, an absolute value of the penetration depth
can be determined near the surface of a sample in either the Meissner phase or in the vortex
phase.
Specifically, for systems with phase separation between dierent electronic phases like
magnetically-ordered, paramagnetic, and superconducting phases, SR can determine the
volume fraction of each electronic phase. Hence, because of its high sensitivity to weak in-
ternal magnetic fields and its capability to determine the volume fraction of magnetic phases,
SR is ideally suited to address the forefront issues on the relationship between magnetism
and superconductivity on a microscopic scale.
There are two general techniques for acquiring the muon polarization as a function of time,
one applicable for a facility which produces a pulsed beam of protons from which the muons
are eventually derived, and one applicable for a continuous beam facility. The Laboratory for
Muon Spin Spectroscopy of the Paul Scherrer Institute uses a continuous beam of protons
wherein all SR data given in this dissertation were obtained. Moreover, the discussion is
also limited to the use of positive muons.
Most positive muon beams are produced from pions decaying at rest in the surface layer
of the primary production target. Hence, the common name, surface muons. The surface
muon beam is only one of the possible but most convenient scheme for most of the SR
experiments. Fully polarized muons of relatively low energies are provided by these surface
muon beams, which are then stopped in condensed matter systems within few hundred mi-
crometers from the surface. In this manner, muons are bulk probes, thus requiring moderate
amounts of material.
In the following, I will discuss the essential properties of the muon that makes it useful
for the SR technique. In addition, the principles in doing a SR experiment will also be
presented. For further reference, a detailed description about the technique can be found in
textbooks [127, 128, 129, 130] and in some review articles [131, 132, 133, 134].
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The muon was discovered as a secondary radiation from cosmic rays. It has a mass that is
200 times that of an electron or 9 times less than that of a proton. It has a positive or negative
electric charge (1) and a spin of 1/2 [135]. From a fundamental viewpoint, it is a lepton and
its properties are listed in Table 3.1. Although either positive or negative muons can be used
to perform SR, their very dierent behavior in matter makes + more suitable for most
condensed matter physics or chemistry applications. Having a negative charge in matter,
  behaves as a heavy electron and is easily captured into the atomic orbitals and are also
strongly attracted by nuclei giving more information about the nuclear interactions rather
than about its solid state properties. In contrast, + avoids the positively charged nuclei in
the host material. For our purpose, we made use of the positive muon to probe the magnetic
properties of our sample.
Table 3.1: Muon Properties
Mass m= 0.1126 mp = 206.7684(6) me = 105.65849(4) MeV/c2
Charge + or -
Spin 1/2
Magnetic moment 3.18 p
Gyromagnetic ratio 2  135.53875 (6) MHz/T
Unstable particle mean lifetime : 2.19703 (4) s
The discovery of the violation of parity (the principle of invariance under space reflection)
in decays regulated by weak interaction had instigated the application of the SR technique
to condensed matter research. Notable scientists, Lee and Yang, were awarded the Nobel
Prize in 1957 for their investigation of the so-called parity laws [136]. Parallel experiments
of C.S. Wu et al. [137] on their experimental test on the -decay of 60Co , and the muon
decay experiments of R.L. Garwin et al. [138], had directly illustrated violation of parity.
Thence, owing to parity violation, a muon beam may be produced starting from an ac-
celerated proton beam with nearly 100% spin polarization. The muon is implanted into the
sample and generally ends up in few equivalent, most energetically favored interstitial lattice
sites, keeping its initial spin polarization. The phenomenon of not conserving parity also
leads to the detection of the muon spin coherent behavior from the direction of emission of
its decay-positron (electron). That is, the emitted positron emerges predominantly along the
direction of the muon spin at the time of its decay. The distribution of decay directions varies
with positron energy. By averaging over an ensemble of muons which are implanted one by
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one, or in bunches at intermittent times, and granting that we detect on which direction the
positron is emitted and at which time, we can reconstruct the time evolution of the muon
spin. These muon characteristics that make SR technique possible will be elaborated in the
succeeding paragraphs.
3.3 Essential Muon Properties
There are three muon characteristics which are essential for the application of the SR tech-
nique. These are the following:
1) The muon spin ensemble is 100% polarized.
The muon originates from the pion which decays very quickly (26ns) into two particles, a
muon and a muon neutrino. This is a two-body decay. But for a start, in order to obtain the
pions, a proton beam of high energy (>500MeV) is directed onto a beryllium or a pyrolytic
graphite target.
The decay of charged pions gives the following decay processes for both positive and
negative pions  into muons and neutrinos:
+ ! + + 
  !   + 
Figure 3.1 briefly illustrates pion decay. For the pion decay process, the mirror image does
not exist in nature. This is because the concept of parity is not followed. Parity means simply
that in the macroscopic world, one expects that the mirror image of any possible event is also
a possible event, this parity symmetry is however incredibly broken in the microscopic realm
of elementary particles.
Due to parity violation of the weak interaction in pion decay, there exist only left-handed
neutrinos in nature. This means that the neutrino has its spin aligned antiparallel to its mo-
mentum. Conversely, the muon can have its spin antiparallel to its momentum because the
conservation of the total spin and total momentum has to be fulfilled.
46
3.3 Essential Muon Properties
Figure 3.1: Parity-violating collinear decay of a pion + at rest into a muon + and a muon
neutrino . The right mirror image does not occur in nature in the parity-
violating decay.
2) The decay positron is preferentially emitted along the muon spin direction.
The muon decay is anisotropic. It is a three-body decay, a muon decaying into a positron
and two neutrinos:
+ ! e+ + e + 
This is schematically shown in Figure 3.2.
Figure 3.2: Illustration of a muon decay, conservation of linear (long green arrows) and an-
gular (short arrows) momentum together with parity violation. This shows a
correlation between the muon spin direction and the positron linear momentum.
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The phenomenon of parity violation due to weak interactions is also involved in the decay
of muons. Like in the case for muon production, conservation of angular momentum plays
a significant role in muon decay, with the constraint that the neutrinos must have well de-
fined helicities. That is, negative for the particle e and positive for the antiparticle . At
maximum positron energy, corresponding to two neutrinos emitted opposite to the positron,
the correlation imposed on the directions of the muon spin and of the positron momentum is
rather simple. In this given collinear situation, the two neutrinos do not contribute to angular
momentum since they are collinear and of opposite helicity. On the one hand, the positron
must nearly have positive helicity since it is highly relativistic. So, it must emerge in the
direction of the muon spin to satisfy conservation of angular momentum. Thus, positrons are
preferentially emitted along the direction of the muon spin at decay time. This is illustrated
in Figure 3.2.
For energy and momentum conservation, the energy of the positron is distributed from a
minimum to a maximum. There is a continuum of possible geometries and a corresponding
range of energies for the emitted positron (E 52.83 MeV) which can be mapped out as
shown in Figure 3.3. In this figure, the radial distance represents the relative probability that
a positron is emitted in a given direction.
Figure 3.3: Angular distribution of positrons from the parity-violating anisotropic muon de-
cay. The outer-rightmost curve is for the highest-energy emitted positron. When
all positron energies E are sampled with equal probability, the integrated asym-
metry parameter has the value A= 1/3 (red curve).
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The probability distribution function for the positron emission is correlated to the instan-
taneous direction of the muon spin by:
P() / 1+ A(E)cos
where A(E) is an asymmetry factor which depends on the energy of the emitted positron,
which is equal to 1 for E= Emax.
3) The muon spin precesses in a magnetic field.
To illustrate, the muon can be considered here either as a classical or a quantum-mechanical
particle. The quantum-mechanical description is shown in Figure 3.4. Here, you have a spin-
1/2 particle in a magnetic field applied along the spin direction, giving two energy states of
the system. Then, if the magnetic field is obliquely applied, that is, it is no longer parallel to
the initial muon spin direction, the two states are no longer eigenstates. Therefore, the spin
components <Sx> and <Sy> are mixed and start to precess with the Larmor frequency !L.
These are the so-called Rabi oscillations.
Figure 3.4: Quantum-mechanical description of the muon spin response to a magnetic field.
For simplicity, a classical picture can also be considered using the Ehrenfest theorem. An
analog system is shown in Figure 3.5 wherein you have a magnetic moment in an oblique
magnetic field.
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Figure 3.5: Classical description of the muon spin response to a magnetic field.
The muon spin precesses around this magnetic field and its motion is described by the
Bloch equations:
d~m
dt
= ~m  ~B
d~m
dt
= ~m  ~B  G~m
where the oscillation frequency is given by the Larmor frequency !L= ~B. In addition,
the relaxation of the system, G~m is given by the coupling to a heat bath.
In summary, there are three main muon characteristics that make SR spectroscopy possi-
ble:
1. The muon spin ensemble is 100% polarized.
2. The decay positron is preferentially emitted along the muon spin direction.
3. The muon spin precesses in a magnetic field.
As the muons are implanted, they decelerate mainly by inelastic collisions with electrons.
In other words, they lose their kinetic energy by ionizing outershell electrons, then finally
stops at an interstitial site. There, the muon spin is subject to interactions with other spins, i.e.
the electronic and nuclear spins close by. This is similar to the well known NMR technique.
However, a more simplified situation holds for the muon, being spin one-half, it does not
have an electric quadrupole moment. Thus, it does not couple to the electric field gradient.
This means that the muon is less sensitive to structural distortions or changes than NMR
or Mössbauer spectroscopy. On the other hand, this very often is of advantage, since the
observed muon spin relaxation always has magnetic origin and can not be misinterpreted.
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Figure 3.6: Schematic of the SR experiment principle, top view.
The SR technique is based on the observation of the time evolution of the muon spin
polarization ~P(t) of an ensemble of muons. A schematic layout of a SR experiment is
shown in Figure 3.6 with an applied field perpendicular (transverse) to the initial muon spin
polarization.
The basic principle for a SR experiment is initiated by the implantation of positively
charged muons (+) in a sample one at a time. This is called a time-dierential measurement
where an electronic clock is started instantly when a muon is implanted into the sample. The
+ come to rest at interstitial lattice sites where they act as magnetic microprobes. The muon
spin interacts with its magnetic environment until it decays weakly after a mean lifetime of
 = 2.2 s into two neutrinos and a positron, the latter being preferentially emitted along
the direction of the muon spin at the moment of the decay. The clock is stopped when
the positron emitted from the decayed muon is detected. Again, one muon at a time is
allowed into the sample. This means that if a second muon arrives typically within five
muon lifetimes, that is  10 s, then the event is discarded. An electronic trigger logic
ensures that during the observation period, only those events accepted are those from where
one muon was inside the sample, so that the start and stop signals come from the same muon
event. A histogram is thus built from the positron counts versus the time after implantation.
One obtains histograms for the forward NF and the backward NB detectors, which have the
forms:
NF(t) = NF0 e
 t/(1+ A0~P(t)nˆF) + NFBgr (3.1)
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NB(t) = NB0 e
 t/(1+ A0~P(t)nˆB) + NBBgr
= NB0 e
 t/(1   A0~P(t)nˆF) + NBBgr
(3.2)
Equation 3.1 and 3.2 are applicable for the ideal case when the two detectors (F and B)
are identical so that the N0, NBgr, and A0 are the same in both detectors. Here, ~P(t) is
the muon spin polarization function with the unit vector nˆF , nˆB with respect to the muon
spin polarization. The exponential factor N0e t/ accounts for the radioactive decay of
the muon. NBgr is a background contribution coming from uncorrelated starts and stops.
A0 is the initial asymmetry, a parameter to be determined experimentally. It depends on
factors such as detector solid angle, eciency, absorption and scattering of positrons in the
material. Generally, A0 < 1/3 (decay asymmetry). Typical values lie between 0.25 and 0.3.
In such idealistic case, the positron histograms recorded by the two detectors dier only by
the phase. The dierence between the phases of the histograms is 180  if the detectors are
precisely aligned opposite each other.
As the positrons are predominantly emitted in the direction of the muon spin which pre-
cesses with the frequency !, the forward and backward detectors will detect an oscillating
signal having the same frequency. In order to remove the exponential decay due to the finite
muon lifetime, what is referred as the asymmetry signal A(t) is calculated:
A(t) = A0P(t) =
NB(t)   NF(t)
NB(t) + NF(t)
(3.3)
where NF(t) and NB(t) are the number of positrons detected in the forward and backward
detectors, respectively. A(t) and P(t) are quantities that depend on the spatial distribution and
dynamical fluctuations of the muon magnetic environment. Thus, these obtained functions
would yield us physical information about our sample of interest. The SR polarization
functions are elaborated in the next chapter.
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3.5 Experiment Configurations in SR
The flexibility of choosing from a number of dierent experimental configurations is a preva-
lent advantage of SR spectroscopy in studying matter on a local scale.
3.5.1 Longitudinal and Zero-Field SR
The longitudinal field SR (LF-SR) configuration is the simplest possible experimental
setup that involves the application of an external magnetic field parallel to the initial direction
of the muon spin polarization, Bext k ~P(0). This is illustrated in Figure 3.7. Applying such
a field does not bring about precession of the muon spins and overcomes any smaller static
field brought about by magnetic order that would otherwise cause precession.
Figure 3.7: Longitudinal field SR configuration.
With this configuration, one can also do experiments in the absence of magnetic field,
Bext= 0. This is the Zero-Field (ZF) SR. The size of the ordered moment and thus the
magnetic order parameter can be derived from zero-field measurements. This is because the
frequency of a SR signal is directly proportional to the internal magnetic fields at the spot
where it comes to rest, the muon site.
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3.5.2 Transverse-Field SR
This experimental setup involves the application of an external magnetic field perpendic-
ular to the initial direction of the muon spin polarization, Bext ? ~P(0). This is shown in
Figure 3.8.
Figure 3.8: Transverse field SR configuration.
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4.1 Overview
With the SR technique, the ensemble average muon polarization projected onto an axis as a
function of time, Pz(t), provides the muon polarization function. This polarization function
monitors the properties of the local field. It contains the enthralling physics that awaits
interpretation, yielding us information about magnetic fields in the studied material. The
local magnetic field at a muon site is generally originating from a combination of dipolar
interaction with surrounding nuclear and electronic spins, and contact hyperfine fields from
the spin density at the muon site.
The sensitivity of the + as a magnetic probe can be well-suited to extremely small mag-
netic moments (down to 10 3 - 10 4 B) since it has a very large magnetic moment. As a
local probe, one can determine the distribution of static internal fields and also fields which
are fluctuating. Generally, the presence of magnetic fields in the sample can be determined
within the range of 0.00002 Tesla to a few Tesla which are static on the timescale of the
muon lifetime of 2.2 s. In addition, fluctuating magnetic fields can also be detected with a
fluctuation rate  . 1011 Hz since the SR technique has a broad time window of 10 4 s to
10 11 s.
A variety of magnetic systems can be investigated and for a given magnetic structure, a
distinct SR signal is obtained and there exists a predetermined theoretical relaxation func-
tion that describes the distribution of magnetic moments giving the distribution of fields and
also their fluctuations [130].
As in NMR, the established basic concepts on spin relaxations and models are also adapted
to SR. There are mainly two distinguished types of relaxation processes. One is the trans-
verse relaxation that is due to dephasing of precessions which occur without energy dissipa-
tion. The other is the longitudinal relaxation that is due to the recovery of thermodynamic
equilibrium which requires contact with a thermal reservoir (e.g. the lattice) in order to dissi-
pate the excess spin energy stored in the non-equilibrium state of the initial muon polarization
(this is called T1 in NMR, or spin-lattice processes). The experimental parameter that allows
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us to independently measure the two relaxation terms is the geometry or configuration of the
experimental setup. That is to say, either the initial muon spin polarization is longitudinal
(in parallel) or transverse (perpendicular) to an external magnetic field. These were already
described in the previous chapter. In the following, the muon polarization functions typically
describing magnetic systems are discussed. Further reading about the theoretical concepts
and detailed explanations about the technique and polarization functions can be found e.g.
in Ref. [130].
4.2 Polarization and Relaxation Functions for Static
Fields
In a case when there are no spin fluctuations in the studied spin system, the spin of a muon
implanted into the sample will undergo Larmor precession around the static local field at the
muon site, ~Bloc. Static means Bloc is constant over time, t & 5-10 , where  is the muon
lifetime. Hence, the precession frequency being directly proportional to the local field gives
!= jBlocj, and the proportionality constant = 2  135.5 MHz T 1, is the gyromagnetic
ratio of the muon spin. This ratio is related to the muon magnetic momentm via the relation,
m = S , with S  = 12 .
Figure 4.1: Muon spin precession in a constant field. The initial polarization is along the
z-axis, which is also the observation direction, nˆ.
For a muon stopping in a sample at t= 0 and its spin is pointing in the z-direction as
schematically shown in Figure 4.1, the time evolution of the z-component of the muon spin
is given by
56
4.2 Polarization and Relaxation Functions for Static Fields
P(t) = P~B(t) = cos
2 + sin2 cos(!Lt) (4.1)
where  is the angle between ~B and the initial muon spin which is assumed to lie along z.
The muons will sample a distribution of magnetic field magnitudes and directions. A
particular field distribution, (~B), is then assumed. If this field distribution (~B) is known,
the corresponding polarization function can thereupon be calculated:
P(t) =
R
P~B(t)(~B)d
3BR
(~B)d3B
(4.2)
This means that the muon polarization function can be obtained in a general way by cal-
culating the muon spin precession around ~B, finding its projection onto the z-axis, weighting
it by (~B), then integrating over all possible ~B.
The above expression can be used to calculate the muon polarization function in some
very special useful cases like those illustrated in Figure 4.2.
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Figure 4.2: (a) ~B = B0yˆ, with no distribution of magnitude or direction, (b) a single field
magnitude having random directions ((~B) is a spherical shell of radius B0), and
(c) (~B) has some distribution of field magnitudes and directions. The figure was
adapted from Ref. [139].
In Figure 4.2(a), this case is exhibited by ideal single crystal samples where each muon
57
4 Muon Polarization Functions
senses a unique field of ~B= B0yˆwhile Figure 4.2(b) is exhibited in powder samples, wherein
the field magnitude is unique but points in random directions, resulting to a (~B) which is
a spherical shell and (jBj) = (jBj   B0). The third one, case (c) is common for magnetic
specimens possessing a certain degree of disorder or spin glass systems.
Since the samples investigated in this work are magnetic polycrystalline samples, then in
the following I will elaborate on the muon polarization functions that describe the distribu-
tion of magnetic moments and their fluctuations in such a system.
j~Bj constant, random direction isotropically distributed
Again, in a simple case when we consider j~Bj is constant, it has random direction and isotrop-
ically distributed (e.g. in domain structures of magnetic materials or in ferromagnetic or an-
tiferromagnetic powder samples), the field distribution is p(~B)d3B= (B  Bloc)dBdW. We
therefore obtain the powder average by integrating over  and  and we get the polarization
function as:
P(t) =
R
(cos2 + sin2 cos(!Lt)d(cos)dR
d(cos)d
=
1
3
+
2
3
cos(Bloct) (4.3)
The SR spectrum illustrating this is shown in Figure 4.3. The presence of only one type
of muon localization site is assumed, characterized by a single spontaneous local field. The
1/3 term, which typically referred in the SR jargon as the "1/3 tail", originates from the
average projection of each muon spin onto the direction of the local field. This can be easily
understood by considering that since the magnetic fields can have all the orientations, on the
average one third of the muons will see fields parallel to their initial polarization and will not
precess. This non-precessing component is always present for an isotropic field distribution.
On the one hand, the 2/3 precessing component, are on the average, two thirds of the muons
that see fields perpendicular to their initial polarization and will precess around them with
the Larmor precession frequency, ! = Bloc. This oscillating part indicates the magnetic
long-range order in the compound.
In the case when the correlation length of a magnet is relatively small, or if the magnet is
not perfectly ordered, the local field can take a large number of values close to each other.
Consequently, one observes the oscillation to be strongly damped and can even vanish. If
the muon spins precess too rapidly relative to the time resolution of the spectrometer, the os-
cillation or wiggles will be averaged out to zero. In addition, the obtained muon polarization
will be constant at a level of 13 . Therefore, at a magnetic phase transition, if no wiggles are
observed in the muon signal, one anticipates a drop in the eective initial asymmetry, Ae f f .
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Figure 4.3: Example of a powder average of the SR signal from a single muon site in a
magnetically-ordered material.
That is, from Ae f f = A0 in the paramagnetic state to A0/3 in the ordered state.
Although a similar signal can be obtained from a perfectly aligned single crystal with a
unique field direction at the muon site as that of a powder of the same material, there are
certain information that we can only obtain using a perfectly aligned single crystal such as
that concerning the crystallographic direction of the internal fields. This, we cannot extract
from a powder sample. In any case, the SR technique can readily have access with the
magnitude and the distribution of the magnitude of the internal fields with a powder sample,
allowing experiments on systems that are not available to other techniques that specifically
require single crystals.
SR experiments are particularly straightforward since the muon ensemble is 100% po-
larized due to the parity violating beta decay of the pion. For instance, to learn the physics
within a system, for example the case of nuclear dipolar fields when only relatively weak,
random magnetic fields are present in the system, can simply be described by theoretical
functions. The polarization functions adapted for this case were obtained by Kubo and col-
leagues [140]. This is further discussed in the following subsection.
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4.2.1 Kubo-Toyabe Functions
Dense, randomly oriented magnetic moments
The magnetic field distribution sensed by muons in a system composed of dense randomly
oriented magnetic moments, i.e. nuclear dipolar fields, is a Gaussian function. The corre-
sponding relaxation function is given by the so-called Kubo-Toyabe function [140], derived
from the names of the authors who first calculated it.
As illustrated in the left figure of Figure 4.4, randomly oriented spins with equal moments
occupy each lattice site. In such a dense arrangement of spin system, the average spin-spin
distance is of the same magnitude as the muon distance, and the magnetic fields arising from
randomly pointing neighboring spins tend to cancel each other in the muon site.
Bi
ρ(Bi)
Muon
Figure 4.4: (left) Randomly oriented dense moments and (right) the resulting distribution of
fields projected onto an axis. The projection is a Gaussian distribution.
Hence, for Gaussian distribution of ~B in x, y, and z direction with hBi = 0 and
D
4B2
E
=D
(B  hBi)2
E
=
D
B2
E
  hBi2 = 2
2
, this results in a field distribution with components that
are well-approximated by independent Gaussian distribution, illustrated in the right figure of
Figure 4.4 and written as:
G(Bi) =
p
2
exp
 2B2i
22
, for i = x, y, z (4.4)
where  is the Gaussian field width.
Since the total distribution is isotropic, (jBj) = 4B2(Bx)(By)(Bz), thus we obtain
the distribution function for the absolute value j~Bj to be:
G(j~Bj)d(jBj) = ( p
2
)3 exp 
2
jB2j
22
 4jB2jdjBj (4.5)
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The individual components are Maxwell-distributed with maximum at jBj = p2  andD
j~Bj
E

q
8



. The relaxation function is obtained in this case from:
PG KT (t) =
Z
G(Bx)G(By)G(Bz)P~B(t)dBxdBydBz (4.6)
where P~B(t) is given in Equation 4.1.
The integration in Equation 4.6 can be explicitly performed. By doing so, the well known
Kubo-Toyabe function can be obtained:
PG KT (t) = 1
3
+
2
3
(1  2t2)exp[ 
2t2
2
] (4.7)
Dilute, random moments
There also exists a case when the local fields are Lorentz instead of Gauss-distributed which
is typically for dilute random spin systems, e.g spin glasses or dilute ferromagnetic impurities
in a non-magnetic matrix. In such systems, the muon may sit very close to or very far
from a magnetic moment, and the average spin-spin distance is much longer than the closest
probable spin-muon distance. This is illustrated in the left figure of Figure 4.5.
Bi
ρ(Bi)
A
B
Figure 4.5: (left) Randomly oriented dilute moments. Muons at site A feel weak fields, while
those at B feel stronger fields. (right) the resulting distribution of fields projected
onto an axis. The projection is a Lorentzian distribution.
Muons positioned far from moments like in site A, experience weak fields with Gaussian
distribution. On the other hand, muons which are close to moments experience stronger
fields, though still with a Gaussian distribution but with a larger field width.
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L(jBj)djBj= (
3

2
)
a
(a2 + 2B2)2
 4jB2jdjBj (4.8)
It holds:
L(Bx) =
"
P(jBj)dBydBz
= (


)
a
(a2 + 2B2x)
(4.9)
where ( a = half width at half maximum).
In this case the integration yields what is referred as the static Lorentz Kubo-Toyabe func-
tion (in ZF):
PL KT (t) = 1
3
+
2
3
(1   at)e at (4.10)
4.2.2 LF-SR for Static Fields
Further confirmation of the distribution of internal fields may be obtained by applying an
external magnetic field along the initial direction of the muon spin. This is what is known as
longitudinal field (LF) SR. This technique is not only good in elucidating the distribution of
static fields but also gives information about fluctuating fields. Thus, LF- SR measurements
are primarily used to distinguish between static and dynamic contributions to the relaxation.
Taking the abovementioned Gaussian Kubo-Toyabe example but in addition an external
field ~Bextjjzˆ is applied, the total distribution is displaced along the z-axis, as illustrated in
Figure 4.6. In this case, the distribution modifies to:
G(Bz) =
p
2
exp[ 
2
(Bext   Bz)2
22
] (4.11)
The distributions (Bx) and (By) remain unchanged, while (Bz) becomes (Bz + Bext).
Integrating Equation 4.6 with the new distribution, we get the so-called Gauss-Kubo-Toyabe
relaxation in longitudinal field:
PG KT (t,Bext) = 1  2
2
(Bext)2
[1  e 
2t2
2 cos(Bextt)]+
24
(Bext)3
+
Z t
0
e 
2t2
2 sin(Bextt0)dt0
(4.12)
If Bext is large with respect to the local fields, the polarization of the muon is kept and
the spin will be aligned along the z-direction. That is, the spectra obtained in LF-SR will
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Figure 4.6: Distribution of static internal fields (a) without and (b) with a longitudinal applied
field LF = Bextzˆ.
no longer have an asymptote at 1/3, but rather goes closer to 1 as LF increases. This is the
so-called decoupling of static fields, shown in Figure 4.7.
4.3 Fluctuating Moments
Previously, internal magnetic fields which are static on the timescale of the muon lifetime
were considered in deriving the muon polarization functions. In this section, the polarization
functions of the muon ensemble for the case of fluctuating spin systems is qualitatively dis-
cussed. There are models that introduce and elucidate the eects of time dependent fields in
SR polarization functions: the simple model that depicts the Brownian motion of the phase
of the muon spin precession, and the stochastic strong collision model. For further reading
about these models, see the review on SR relaxation functions in magnetic materials [141].
There are two possible reasons why a magnetic system could appear dynamic in a SR
measurement. Either the magnetism itself is dynamic or the muon is dynamic, i.e. diusing
in a static spin system [142]. The latter depends on the binding potential of the muon on the
crystal. Usually in oxides, the muon is strongly bound to the oxygen atom. Muon diusion
will be ruled out in the discussions as this was not observed in this work.
For dynamical cases, the muon polarization function is quite dierent. Using the technique
established by Kubo and Toyabe [140], the dynamic polarization functions were also derived.
It assumes a strong collision Markovian process wherein the muon feels a sudden change of
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Figure 4.7: Field dependence of the polarization function for isotropic Gauss-distributed
fields. Time scale in units of 1/. Bext in units of /. The zero field curve
corresponds to the Kubo-Toyabe function.
field and that is uncorrelated to the previous field direction. In the fast fluctuation limit, the
dynamical Gaussian Kubo-Toyabe function is given by:
GDynamicGKT (t, ) = exp( t) (4.13)
One of the signatures of a dynamic relaxation process is the loss of the 1/3 tail, i.e. in the
case of dynamic fields there is no longer an asymptote at 1/3 but instead at 0. In the fast
fluctuation limit,  , the relaxation is well-described by an exponential function. Here, 
is the fluctuation rate.
In contrast to static field distributions where the partial decoupling happens when the
magnitude of the external field is similar to that of the static internal fields, the decoupling in
the case of fluctuating fields happens only when the external field is of the same scale as the
fluctuation rate, as  BLF  which is in the fast fluctuation limit much larger than the static
field width. Thus, the decoupling of the muon polarization function in an applied LF makes
it possible to isolate the origin of the muon relaxation either as static or dynamic. Figure 4.8
illustrates the dynamic Gauss-Kubo Toyabe in ZF case.
One can also perform an LF-SR experiment as a function of temperature. What one can
observe from plotting the relaxation rate  from this measurement is that it gives a peak at
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Figure 4.8: Dynamic Gauss Kubo-Toyabe: Strong Collision Model for an isotropic Gauss
distribution of fields (with variance ), Bext = 0. The fluctuation rate  is given
in units of . The dashed curve is the motional narrowing limit (exponential) for

 = 3.
the transition temperature. This peak indicates that at low temperatures the relaxation rate is
low because the magnetic system is ordered, while at high temperatures the relaxation rate
is low because the magnetic system fluctuates very rapidly. This is the SR version of the
famous 1/T1 peak, where T1 is the spin-lattice relaxation time in the NMR jargon.
In the slow fluctuation limit ( ), it is possible to multiply the static relaxation function
with a dynamic relaxation function. In the case of a random Gaussian field distribution this
results in: GdynamicGKT (t,  ) = PG KT (t) exp(-L t), where L is the dynamic relaxation
rate and PG KT (t) is Equation 4.7.
In the case of a Lorentzian field distribution with a non-zero first moment (average field)
in the slow fluctuation limit, the ideal relaxation function given in Equation 4.3 changes to:
P(t) =
1
3
exp( Lt) + 23 cos(Bloct)exp( T t) (4.14)
with L being the dynamic longitudinal relaxation rate, and T the transverse relaxation
rate being a measure for the width of the field distribution and dynamic eects.
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4.4 The Cosine and Bessel Functions
Magnetic materials with an isotropic distribution of well-defined local field B at the muon
site gives a coherent muon spin precession, which for powder averaged samples yield the
functional form known as the Cosine function, given in Equation 4.3 and Equation 4.14.
Corresponding examples arising from the said distribution are the commensurate spin density
wave systems.
The Bessel function is commonly used to describe depolarization of the muons in a poly-
crystalline sample that has a field distribution that resembles the Overhauser distribution:
(B) =
2

1q
B2max  B2
(4.15)
with the polarization function derived as
P(t) =
1
3
exp( Lt) + 23 J0(Bloct)exp( T t) (4.16)
This function is characterized by a long-lived oscillation that is initially strongly damped
and a phase shift compared to a Cosine function with the same argument. A physical scenario
that is typically described by such a function is incommensurate spin density wave system
[143].
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4.5 Fast Fourier Transform in SR
Performing a fast Fourier transform (FFT ) of the muon spin polarization function is a com-
mon and useful procedure to promptly have an approximate visual illustration or a picture of
the internal magnetic field distribution. It also provides a quick comparison of the measured
SR signal with the best-fit theory function from the time domain. This is done by inte-
grating the time-domain polarization function such that the field distribution is then given
by,
(B) =
Z 1
0
eP(t)e i(Bt+)dt (4.17)
where eP(t) = Px(t) + iPy(t).
The real part of the Fourier transform reflects the local-field distribution.
There are however some limitations to the measured time spectrum that introduce statisti-
cal noise and ringing in the FFT spectrum. Such limitations are due to the finite lifetime of
the muon thereby resulting to fewer counts at later times, or due to finite counting rates so
the length of the time spectrum is also finite. These unwanted features are smoothed out by
introducing an apodization function.
Apodization can also be called as data windowing, wherein the asymmetry spectrum is
multiplied by a weighting function which varies between one and zero to suppress the ringing
in the FFT spectrum.
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of T 0-La2CuO4
Recently for the first time, bulk undoped La2CuO4+ was stabilized in the metastable T 0-
structure by a low-temperature synthesis method [44, 144]. We determined its crystal struc-
ture by synchrotron powder diraction and thermal neutron scattering measurements. Then
its magnetic properties were profoundly examined via cold neutron scattering, bulk SR, and
NMR. These are combined eorts from LMU-PSI, TU Darmstadt, and TU Dresden encom-
passing a collaborative project to extensively investigate structural and magnetic properties
of body-centered tetragonal (BCT) cuprates in general.
Investigations and findings on this compound can be a benchmark for further understand-
ing of the magnetic properties of the mother compounds T 0-RE2CuO4 (RE= Pr, Nd, Eu).
Fundamental questions had long-confronted the rare-earth cuprates, specifically the influ-
ence of a polarizable magnetic ion on the underlying interactions that define their magnetic
structure and characteristic magnetic properties. In the T 0-La2CuO4 (T 0-LCO), the complex
magnetic interactions between the CuO2 and the rare-earth subsystems is eradicated since
La is nonmagnetic. This makes T 0-LCO the ideal system among the BCT cuprates to study
the magnetic interactions of the CuO2 plane alone.
Another of our objective is to determine the role of the reduction process and its eects
on oxygen stoichiometry and on magnetism of the rare-earth cuprate mother compounds.
Reducing the as-grown materials has dramatic consequences for the magnetic and conduct-
ing properties in electron-doped cuprates. However, this is also dependent on which oxygen
site is vacated. This topic will be addressed and discussed in the succeeding chapters. For
T 0-LCO, we found and will herein present, that the as-grown compound is already stoichio-
metric and annealing is not necessary to remove oxygen. In addition, since it is metastable,
subjecting it to higher temperature would transform it to the orthorhombic T -phase.
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5.1 Structural Characterization
The crystallographic properties of T 0-LCO are thoroughly examined by several techniques.
Synchrotron powder diraction had been performed to initially verify the homogeneity of the
T 0-phase.1 Analysis of the oxygen stoichiometry of T 0-LCO was independently performed
with neutron scattering measurements at the thermal neutron powder diractometer, HRPT,
SINQ, PSI. The obtained data had been Rietveld refined using dierent refinement software
packages done by the author and the collaborating groups to crosscheck the obtained results.
At the end of this structural characterization section is a publication exhibiting the combined
works about the structural properties and oxygen occupancies of T 0-LCO. The analysis of
the oxygen stoichiometry was done with the use of TOPAS, GSAS, and Fullprof refinement
software packages.2
5.1.1 Synchrotron Powder Diffraction
Polycrystalline monophasic T 0-La2CuO4 (T 0-LCO) was obtained at 653 K in a CsOH flux,
as described in Ref. [44]. The large size of the cesium ions make it a good flux medium
since it does not enter into the La2CuO4 structure. The resulting powder was then washed
with flowing argon and deionized water. This step had to be undertaken in order to dissolve
the flux before it was filtered o and dried overnight at 343 K in vacuum. However, it was
then later on found out that this washing step had resulted to the presence of a very minimal
amount of a second phase (less than 2%) identified to be La(OH)3. Despite this, the obtained
compound is without a coexisting T -phase as revealed by the synchrotron powder diraction
pattern shown in Figure 5.1, collected with a wavelength of  = 99.9615 pm and a Ge(111)
monochromator at DESY/Hasylab B2 beamline with the use of a 0.5 mm boron-silica-glass
capillaries. Rietveld refinement was performed using the TOPAS software package. Avail-
able data for Nd2CuO4 [145] was initially used as a template, and for the impurity La(OH)3
structure data was obtained from [146]. Table 5.1 shows the positional parameters used in
the TOPAS refinement and Table 5.2 shows the refined lattice parameters. The synchrotron
results gave preliminary structural analyses for the T 0-LCO. Further investigations primarily
about the oxygen stoichiometry were performed using thermal neutrons due to their higher
sensitivity to oxygen. This will be discussed in the next section.
1T 0-La2CuO4 samples were synthesized by Roland Hord, our collaborator from the group of Prof. Barbara
Albert and under the supervision of Prof. Lambert Al of the Technical University of Darmstadt, Germany.
2These packages implement the Rietveld refinement method and the instruction guide for each software is
readily available in their respective webpages.
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Table 5.1: Positional parameters of T 0-La2CuO4 for the synchrotron data refined by TOPAS.
Atom Wyck. x/a y/b z/c
La 4e 0.00000 0.00000 0.3512(5)
Cu 2a 0.00000 0.00000 0.00000
O1 4c 0.00000 0.50000 0.00000
O2 4d 0.00000 0.50000 0.25000
Table 5.2: Lattice constants (in Å) of T 0-LCO refined by TOPAS
a b c
4.0091(1) 4.0091(1) 12.5443(5)
Figure 5.1: Synchrotron powder diraction profile of T 0-La2CuO4 at room temperature.
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5.1.2 Thermal Neutron Scattering Measurements on T 0-La2CuO4
Neutron scattering is an important tool to refine the structural parameters of our samples.
High-resolution neutron powder diraction was performed at the thermal neutron HRPT
Powder Diractometer of the Swiss Spallation Source (SINQ), PSI, in order to determine
the exact structure and oxygen occupation of T 0-La2CuO4. The sample was placed in a
rotating cylindrical 6mm-diameter vanadium sample holder. Monochromated neutrons with
wavelengths 1.1545 Å and 1.494 Å, respectively, were utilized using a Ge(hkk) focusing
monochromator. The use of two wavelengths is strategic and useful as this allows one to
get both correct definition of very small occupancies and of the anisotropic displacement
parameters (ADP). In addition, doing this can provide better resolution for low Q peaks from
larger wavelength. Neutron diraction patterns were collected from 2 = 3 to 180 degrees.
Refinement analysis, particularly the Rietveld method, extracts the needed information
from the neutron diraction measurements. A profile analysis program called Fullprof was
primarily used. A detailed explanation and description of the parameters are outlined on the
Fullprof website. Rietveld refinement is done by minimizing the weighted squared dierence
between the observed and the calculated patterns of the crystal (and/or magnetic structure).
In the case of the electron-doped cuprates crystallizing in the I4/mmm space group, the struc-
ture data of Nd2CuO4 [145] was initially used as a template. Since there is an impurity phase
of La(OH)3, this was added as a second phase. A pseudo-voigt profile function was used to
fit the Bragg peaks. The background can be manually added or it can also be modeled or
generated as a polynomial function. An example of a Fullprof pcr code file for T 0-La2CuO4
refinement is given in the appendix. The space group I4/mmm has a total multiplicity of 32.
The atoms are positioned in symmetry-allowed sites. In the refinement, O(3) position was
manually put since it is a defect site for T 0-structures. The O(2) and O(3) isotropic factors
are made to correlate in the refinements, since the small occupation of the O(3) site does not
allow for an individual refinement. The z-coordinate for the O(3) position was then fixed to
the value that obtained a reasonable Cu-O(3) distance.
Figure 5.2 displays the refined neutron diraction profile. Tables 5.3 and 5.4 summarize
the refined structural parameters for T 0-LCO.
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Figure 5.2: Thermal neutron diraction pattern for T 0-LCO at T = 169.74 K.
Table 5.3: Lattice Constants (in Å) of T 0-LCO refined by Fullprof
a b c
4.00624(5) 4.00624(5) 12.5324(3)
Table 5.4: T 0-LCO positional parameters and occupation sites
Name Wyck. x/a sx y/b sy z/c sz occ. socc
La1 4e 0.00000 (0) 0.00000 (0) 0.35220 (9) 1.010 (2)
Cu1 2a 0.00000 (0) 0.00000 (0) 0.00000 (0) 1.000 (0)
O1 4c 0.00000 (0) 0.50000 (0) 0.00000 (0) 1.020 (2)
O2 4d 0.00000 (0) 0.50000 (0) 0.25000 (0) 1.010 (2)
O3 4e 0.00000 (0) 0.00000 (0) 0.10000 (0) 0.040 (2)
From the Rietveld refinement in Table 5.4, the presence of a minute O(3) can be negligible.
A full occupation is 1. Thus, e.g. in the O(3) site, this very minute occupation can be
accounted to systematic eects incurred in the refinement or fitting process.
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Figure 5.3: Temperature dependence of the lattice parameters of T 0-La2CuO4.
In addition, measurements to obtain the temperature dependence of the lattice constants
were also performed and the results are shown in Figure 5.3. An expansion of the lattice con-
stants with increasing temperature is a normal behavior, i.e. it does not show any anomalies
indicating structural phase transitions.
The neutron results are in good agreement with the synchrotron data but obtained much
more precise occupancies. The comparison of these results is given in Table 5.5.
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Table 5.5: Data collection and TOPAS refinement results for La2CuO4 (tetragonal symmetry,
space group I4=mmm) comparing synchrotron and neutron data. Rp is the profile
R parameter, Rwp the weighted profile R parameter, Rexp is the best possible Rwp
or expected R parameter, and GOF is the goodness of fit.
Synchrotron Neutron
Method (at 300 K) (at 170 K)
a, b (pm) 400.91(1) 400.624(5)
c (pm) 1254.43(5) 1253.24(3)
V/10 6 (pm3) 201.61(2) 201.144(6)
Calculated density (g cm 3) 6.6923(5) 6.8963(2)
Measuring range (2) 5-65 3-180
Rp 28.41 4.03
Rwp 37.2 5.22
Rexp 36.74 4.42
GOF 1.01 1.18
Other Rietveld refinement programs like TOPAS and GSAS had also been used for the in-
vestigation of the possible presence of apical oxygen O(3). In any refinement, it is imperative
to firstly refine the zero point of the diractometer. Then the background parameters were
also refined. Thereafter, the lattice parameters, the positional parameter and the occupancy
were refined. The results obtained using dierent refinement softwares were summarized in
Table 5.6.
Table 5.6: T 0-LCO positional parameters and occupation sites obtained by neutron dirac-
tion and refined using several programs.
TOPAS GSAS Fullprof
Atom Wyck. x/a y/b z/c occ. z/c occ. z/c occ.
La 4e 0 0 0.35195(7) 1.035(7) 0.35224(7) 1.003(5) 0.3522(9) 1.01(2)
Cu 2a 0 0 0 1.010(1) 0 1.010(1) 0 1.00
O1 4c 0 0.5 0 1.040(1) 0 1.000(7) 0 1.02(2)
O2 4d 0 0.5 0.25 1.040(1) 0.25 1.000(7) 0.25 1.01(2)
O3 4e 0 0 0.15(2) 0.013(8) – – 0.1 0.04(2)
For the refinement with TOPAS, a copper to apical oxygen bond length of z/c = 0.195
which is comparable to other rare earth cuprates, was assumed in order to determine a cor-
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rect positional parameter value for the inserted O(3). The results from the refinement with
TOPAS obtained an unreasonably decrease of copper to oxygen bond length to  1.88 Å
as the positional parameter z/c for the O(3) position had changed its value from 0.195 to
0.15(2). When the O(3) position was set and fixed to a value that provided reasonable Cu-O
distance and when the occupancies of La, Cu, O(1) and O(2) were set to 1, the value of the
occupancy of O(3) became zero (0.0005(48)). An even shorter bond length was obtained
from Fullprof results. For the GSAS refinement, a positional parameter of z/c= 0.35 was
obtained when O(3) was inserted. This directly corresponds to the La position. Thus, this
too is an unreliable and unreasonable result leading to the conclusion that it is not possible
to refine an occupancy parameter for O(3) because it yields unphysical results. In addition,
there was an increase of the statistical average 2 upon inclusion of O(3) position implying
that the structure model including O(3) is not true. On a good note, without inserting the
O(3) position in GSAS, a nominal stoichiometry for all elements within an error below 0.01
was obtained.
Figure 5.4: Residual scattering density (symbolized by clouds) in the ac-plane centered
around the copper ion as obtained from neutron diraction data using GSAS.
The contour lines are drawn between 0.09 and 0.43 e Å 3. The contour interval
is 0.09 e Å 3. Reproduced from Reference [147].
The GSAS refinement results giving a stoichiometric T 0-LCO is further reinforced by the
residual neutron scattering density map. Figure 5.4 displays the scattering density in the
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ac-plane with the copper ion in the center. The corresponding positions in the unit cell are
as well labelled in the figure. Focusing on the O(3) position which are expected above and
below the Cu site, one can see that there were no residual scattering density obtained at all.
The highest residual scattering densities are visibly around the La position, and in between
oxygen sites.
In conclusion, from our high resolution neutron scattering data on the T 0-La2CuO4 com-
pound, we find that the low-temperature synthesis yields a stoichiometric La2CuO4 com-
pound without a detectable occupation of the apical O(3) defect site. This is very remarkable
since the usually used high temperature solid state reaction technique yields always speci-
mens with well measurable O(3) occupation.
The investigation of the oxygen stoichiometry of T 0-LCO was concluded in a recent pub-
lication in the Superconductor Science and Technology journal (R. Hord, G. Pascua, et al.
Oxygen stoichiometry of low-temperature synthesized metastable T 0-La2CuO4. Supercond.
Sci. Technol. 26 (2013) 105026 (6pp)). This is displayed in the next pages.
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5.2 Magnetic Properties
In the following, I will thoroughly describe the magnetic properties of the bulk T 0-La2CuO4
(T 0-LCO) using combined cold neutron scattering, SR, and 139La-NMR techniques. De-
tailed analysis of SR data is reinforced by the determination of the muon site. In the end, a
physical scenario is proposed with the unified eorts and understanding from the results of
the mentioned techniques.
5.2.1 Cold Neutron Scattering Measurements on T 0-La2CuO4
Cold neutron scattering measurements were done at the DMC diractometer at PSI in order
to investigate the magnetic structure of the sample. The measurements were done at three
temperature regimes; at room temperature 300 K, at an intermediate temperature of 60 K,
and base temperature of 1.7 K. Figure 5.5 shows the diraction pattern of the sample. A
decrease and a shift of the intensity peaks at the two extreme temperatures, 300 K and 1.7
K, were observed as lattice constants also expand with increasing temperature. However,
it gives an apparently strange behavior at the intermediate temperature as the nuclear peaks
give the highest intensities.
No concrete findings can be drawn from the measurements since there were no evident
magnetic peaks detected at the expected positions. This could be due to the small magnetic
moments of our sample which neutrons cannot detect or this could also be due to diuse
background signal due to the presence of a 7% impurity phase of La(OH)3. Hydrogen has
a large incoherent scattering length and this had produced the relatively high background.
There was, however, the apparent observation of a tiny unknown peak at 2 = 10.9, which
was a bit far from the expected nuclear peak at 2 = 11.26. In addition, two other smaller
peaks were seen which are presumed to be magnetic peaks since they are essentially absent at
300 K, see the inset of Figure 5.5 pointed by the two right blue arrows. Unfortunately, these
peaks could not be indexed by any magnetic model and their origin is therefore unclear at the
moment. Since the La(OH)3 phase is a product obtained after the synthesis and only when the
sample had to be washed with water, then future works would attempt to wash the samples
with heavy water D2O instead. This should drastically reduce the diuse scattering and
therefore allow clear determination of magnetic peaks from ordered magnetic Cu moments as
small as 0.3 B which seems to be not possible with the present sample containing La(OH)3.
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Figure 5.5: Diraction patterns at temperatures 1.7 K, 60 K, and 300 K from DMC of T 0-
LCO. Inset: The two right blue arrows point at unknown peaks that are presum-
ably magnetic peaks which disappear at increasing temperatures.
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5.2.2 SR Measurements on T 0-La2CuO4
The magnetic properties of T 0-La2CuO4 were investigated by muon-spin rotation and re-
laxation (SR) using the General Purpose Surface muon spectrometer (GPS) of the M3
beamline at the Paul Scherrer Institute (PSI), Switzerland. The data were analyzed using the
Musrfit program [148].
Zero-Field SR (ZF-SR) Measurements on T 0-LCO
ZF-SR was performed on T 0-LCO to microscopically examine its magnetic properties.
Representative ZF-spectra at 10, 70, 115, 180, 220, and 300 K are shown in Figure 5.6.
At the highest temperature, T 0-La2CuO4 is in the paramagnetic state and the muon spin po-
larization P(t) is well-described by the Gaussian Kubo-Toyabe function[142] which is given
in Equation 4.7.
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Figure 5.6: Zero-field spectra at 10, 70, 115, 180, 220, 300 K. The plot was shifted by +0.4
for T= 115, 180, 220, and 300 K for display clarity purposes.
In this typical functional form, the depolarization originates from the interaction of the
muon spin with static and randomly oriented nuclear magnetic moments. The paramag-
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netic Cu 3d moments are rapidly fluctuating resulting to a depolarization, given by the field
averaged over the muon lifetime, with a small relaxation rate compared with the nuclear
contribution.
Then at a slightly lower temperature, an exponential depolarization emerges. Magnetism
starts to develop at 220 K as shown in Figure 5.7a. In addition, an increase in the transverse
relaxation rate T at this temperature is observed, as shown in Figure 5.7c. Please note
that T includes static as well as dynamic contributions to the transverse relaxation. On
top of it, in Figure 5.7d, L also starts to increase at 220 K and this is given only by the
dynamic contributions. This means that magnetic correlations start to build up but that at the
same time the system continues to be weakly (slowly) dynamic. Hence, at this intermediate
temperature range, T 0-La2CuO4 is said to be in the quasistatic regime due to the presence of
dynamics on top of a static signal. This fact is already visible from the raw data where a clear
strong relaxation of the 2/3 component (transverse relaxation) and a slow relaxation of the
1/3 tail (longitudinal relaxation) is visible. This is, of course, reflected in the corresponding
fit parameters shown in Fig. 5.7 where the T is always larger than L by a factor 5. Note that
for fast fluctuations the relaxation function would be given by a single exponential function
(T = L), which is clearly not the case here. The presence of weak dynamics is also obtained
from longitudinal field measurements as exemplified in Figure 5.8 for a temperature of 155
K. At all fields, the spectra are characterized by a clear long time relaxation indicating the
presence of magnetic dynamics (compare to Chapter 4). At this temperature, the data are
best-fitted with a dynamic Lorentz-Kubo-Toyabe function. As a reference, the corresponding
static theory functions are displayed which clearly do not reproduce the observed decoupling
behavior .
With decreasing temperature, the fluctuations further slow down which increases the ob-
servable depolarization. Both the transverse as well the longitudinal relaxation increases
indicating that the size of the quasi-ordered magnetic Cu moments grows towards lower
temperatures and that the fluctuation rate of the internal field decreases in this temperature
range, respectively.
Below TN2 = 115 K, the electronic moments get static on the scale of the muon lifetime,
prompting the muons to precess in the static local fields produced by the Cu moments. This
is shown in Figure 5.7b, wherein the frequency starts to grow at 115 K. Correspondingly,
L peaks at this temperature signifying the onset of the static regime. Note that this peak
corresponds to the famous 1/T1 peak usually observed in NMR experiments at second order
phase transitions. Below this temperature, a broad field distribution resembling that of the
Overhauser-field distribution is observed, see Figure 5.9. Hence, the muon spin precession
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Figure 5.7: ZF-SR fit results for T 0-La2CuO4: a) The magnetic volume fraction as a func-
tion of temperature of T 0-La2CuO4, b) the frequency dependence as a function of
temperature, c) the transverse relaxation rate, and d) the longitudinal relaxation
rate.
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Figure 5.8: Longitudinal field SR at 155 Kwith 0, 0.005, 0.02, and 0.04 Tesla applied fields.
At this temperature, the data are best-fitted with a dynamic Lorentz-Kubo-Toyabe
function. The dashed lines are the theoretical fits considering static fields.
observed in this powder magnetic material at this temperature regime can be well-described
with a zeroth-order Bessel function. This function is characterized by a phase shift compared
to a cosine function and an initially strongly damped oscillation. The muon polarization has
the functional form:
P(t) =
2
3
e T tj0(2 f t) +
1
3
e Lt (5.1)
where j0 is the zeroth-order Bessel function and f = / (2) Bloc. The observation of a 2/3
oscillating SR signal fraction and 1/3 non-oscillating fraction comes from spatial averaging
of powder samples where 2/3 of the local field components are perpendicular to the initial
muon spin and cause a precession, while 1/3 of the local fields are parallel and do not cause
a precession. As said above, the relaxation of the oscillating signal, T , includes both static
and dynamical eects. Eectively, the transverse relaxation results from the intrinsic width
of the Overhauser field distribution, and in addition static magnetic disorder and dynamics.
On the other hand, the relaxation of the second term, L, is solely due to dynamic magnetic
fluctuations.
Interestingly, at 40 K, there is an abrupt change of the field distribution and the data can
be well-described, down to lowest temperatures, with a standard cosine function having the
polarization function:
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P(t) =
2
3
e T t cos(2 f t) + 1
3
e Lt (5.2)
Astoundingly, the amplitudes of the signal fractions of the respective Bessel and Cosine
components really show an impetuous transition, if these parameters are both initially left
free in the data fitting analysis. Additionally, the mere time-spectra e.g. in Figure 5.9(left),
already shows out-of-phase oscillations at the dierent temperature regions below and above
40 K. To further illustrate this abrupt change in the field distribution, a Fast Fourier Transform
(FFT) at temperatures above and below 40 K is plotted in Figure 5.9(right).
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Figure 5.9: Time spectra for 80 K and 5 K and their respective Fourier plots giving each field
distribution.
It is visible from the FFT plots in Figure 5.9(right), that the low-temperature regime dis-
plays a field distribution that is symmetric and Lorentzian in form in contrast to the broad
field distribution which has a higher maximum frequency and spectral weight to lower fre-
quencies at higher temperatures. The sharp peak appearing near zero frequency is due to the
slowly decaying asymmetry of the 1/3 tail in time space that was not subtracted from the
signal before performing the FFT.
LF-SR Measurements on T 0-La2CuO4
Longitudinal field (LF) measurements can neatly distinguish a static and a dynamic scenario
[142] for magnetism. For the static case, with reasonably applied external LF, the static
internal fields can be overcome and the polarization stays the same while for dynamic fields,
there are still spin flip processes which decrease the polarization with time.
The LF-SR decoupling measurements for T 0-LCO were performed at dierent tempera-
ture regimes under 0.005, 0.02, and 0.04 Tesla applied fields. As highlighted before, Figure
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5.8 shows a typical decoupling measurement at T = 155 K showing that at this temperature,
the relaxation has clearly a dynamic component. Figure 5.10 displays these measurements
for various selected temperatures including the zero-field measurements for comparison and
reference. From these plots, a qualitative description of the data can already be drawn. In the
present case, no quantitative evaluation of the spectra could be performed since no theoreti-
cal fit function is available for well-defined internal magnetic fields and a fit with a dynamic
Kubo-Toyabe function with zero average magnetic internal field (as done in Fig. 5.8) would
only produce wrong fluctuation rates.
At 80 K, a clear signature of static magnetism is exhibited from the decoupling behavior
with typical horizontal tail with recovery of the muon spin polarization with increasing ex-
ternal magnetic fields. On the contrary, a dynamic magnetism is exhibited by the data e.g. at
155 K and 180 K, with a relaxing tail at all applied fields.
In order to have an overview of the dynamic and static nature of magnetism of the sample
at dierent temperature regimes, a temperature scan with an applied field of 0.04 T has
been done. The obtained relaxation rate is depicted in Figure 5.11 that yields a peak at
the transition temperature TN2. The peak signifies that at low temperatures the relaxation
rate is low because the magnetic system is statically-ordered, while at high temperatures
the relaxation rate is low because the magnetic system fluctuates relatively fast compared to
the Larmor frequency. The peak is observed at the temperature where the fluctuation rate
matched the muon Larmor frequency. Note that the peak in the dynamic relaxation rate is
observed at the same temperature where the ZF SR oscillations first appear.
There are two possible reasons why a magnetic system could be dynamic as seen by muons
at higher temperatures. Either the magnetism itself is dynamic or the muon is dynamic. The
latter depends on the binding potential of the muon in the crystal. This scenario can be ruled
out in this particular case since usually, in oxides, the muon is bound to oxygen atoms [149].
This as well will be further shown in our muon site analysis for T 0-LCO to be elaborated in
section 5.4.1. Moreover, at high temperature, e.g. at 250 K, the spectra are well described
by a Gaussian-Kubo-Toyabe function, a signal for a static field distribution. This proves
that at high temperatures the muon does not diuse. Since diusion is a thermally activated
process, it is highly unlikely that the muon might diuse at lower temperatures where the
dynamic relaxation is observed.
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Figure 5.10: Decoupling measurements at various temperatures with 0, 0.005, 0.02, and 0.04
Tesla applied fields.
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Figure 5.11: Temperature dependence of the dynamic relaxation rate given by LF-SR mea-
surement with an applied field of 0.04 T. A simple exponential function was
used to fit the data at all temperatures.
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5.2.3 139La-NMR Measurements on T 0-La2CuO4
To reinforce our understanding on the rich transitions observed by SR, 139La-NMR field
sweep and spin-lattice relaxation experiments at resonance frequency 30.7 MHz were per-
formed from 241 K down to 10 K.3 Fieldsweep spectra at 21, 100, 150, 206, and 241 K are
given in Figure 5.12.
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Figure 5.12: 139La-NMR field sweep spectra at resonance frequency 30.7 MHz.
Dierent experimental techniques give distinctive magnetic fluctuation and relaxation time
scales but nonetheless provide complementary information in unfolding and drawing up a
plausible physical picture. Such is the case with our 139La-NMR (in milliseconds) and SR
(in microseconds) experimental results. Despite this dierence, there are certain behaviors
observed at the same characteristic temperature regimes. The salient experimental SR find-
ings revealing the sequence of transitions are proven to be real eects as anomalies were
similarly observed at the same characteristic temperatures in the 139La-NMR measurements.
This is namely the onset of a local field at the La site and a peak in 1/T1 at T = 220 K ,
a change of the fluctuation behavior as indicated by , the exponent of the stretched expo-
nential fit to T1, at T = 115 K, and a minimum in 1/T2 at T = 40 K. Figure 5.13 exhibits
these said transitions. The observation of anomalies in the NMR data at the same tempera-
ture as observed by SR at completely dierent time scales indicates that the transitions are
3This was performed and analyzed by Marco Günther, from our collaborating group of Prof. Dr. Hans-
Henning Klauß of the Institut für Festkörperphysik, TU Dresden, Germany.
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real transitions in a thermodynamic sense. The reason why 139La-NMR is apparently less
sensitive to the measured transitions and why no drastic changes are observed in the NMR
spectra lies in the fact of a nearly symmetric position of the La nucleus with respect to the
magnetic Cu system. This fact will be further illuminated by the dipole field calculations for
the muon and La site presented in section 5.4.2.
After summarizing the main experimental observations, the next sections will attempt to
draw a physical picture of the sequential magnetic ordering at each of the abovementioned
characteristic temperature regimes for T 0-LCO.
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Figure 5.13: NMR results showing a) the magnetic order parameter of T 0-La2CuO4 repre-
sented by hyperfine fields jBlocalj derived from field sweep spectra simulation,
b) the stretched exponent 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5.3 Key Experimental Observations on T 0-La2CuO4
Structural characterization techniques such as synchrotron X-ray diraction and thermal
neutron scattering had revealed that our La2CuO4 adheres to the T 0-modification and is
monophasic, with a minute amount of an impurity La(OH)3 phase that resulted from the
washing out of any remaining flux in the sample with the use of deionized water. The lattice
parameters are refined and they exhibit a normal increase as a function of increasing tem-
perature. More importantly, the oxygen occupations were analyzed and it was found that no
apical oxygen O(3) was present in the structure. Finally, the fact that the low-temperature
synthesized T 0-La2CuO4 is stoichiometric provides a remarkable conclusion from the struc-
tural characterization investigations since this is not the case for all other rare-earth cuprates
synthesized by a high-temperature method.
The recapitulation of the main results from zero-field SRmeasurements provide the mag-
netic features of T 0-La2CuO4 and is discussed in the following. At the highest temperatures,
300 K down to 230 K, T 0-La2CuO4 is in its paramagnetic state. The Gaussian-Kubo-Toyabe
shape of the SR relaxation additionally proves that the muon is static (not diusing) up to
the highest measured temperatures.
At intermediate temperatures, 220 K down to 120 K, a quasistatic magnetism is probed by
SR seemingly in contrast to the well-defined local field at the La nucleus as measured by
139La-NMR below 220 K. Simulation of the NMR spectra prove that the Cu moments are
aligned in the CuO2 plane below TN1 indicating a strong easy-plane anisotropy. SR reveals
a gradual slowing down of magnetic fluctuations below TN1= 220 K, and true static magnetic
order below TN2= 115 K in sharp contrast to La2CuO4 in the T -structure where TN1  TN2
 300 K is found by SR.
Also interestingly, in the temperature interval of 115 K down to 40 K, the data fits well
with a Bessel function due to an Overhauser-like internal field distribution. Although the
idea of incommensurability is a possibility signifying a fit with the Bessel function, it is
a better option that in this particular case, it is more plausible that the characteristic field
distribution is produced by a dierent eect. An alternative magnetic spin structure would
later be presented in the succeeding section. Here I only would like to point out that the broad
asymmetric distribution of internal fields has to be produced by a corresponding distribution
of local magnetic environments, e.g. by a distribution of relative spin orientation angles of
neighboring Cu planes.
An interesting and notable feature is observed at TN3= 40 K since an abrupt change of
the field distribution is observed and the data can be simply and best-described by a Cosine
function down to the lowest temperature. The Fourier transform reveals a field distribu-
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tion with one narrow symmetric line. Even without assuming any particular microscopic
magnetic model one can conclude that in this low temperature phase a well defined, long-
range-ordered magnetic structure is adapted by the system.
According to the above summarized observations for the dierent temperature regimes
the three characteristic temperatures TN1, TN2, and TN3 are defined as follows. TN1 signi-
fies the build up of magnetic correlations and this is illustrated e.g. by the increase of the
magnetic fraction in Figure 5.7 and the strong increase of the transverse and longitudinal re-
laxation. On the other hand, this is seen as the onset of a rather well-defined local field from
139La-NMR results. What we call TN2 is the onset temperature of spontaneous muon spin
precession indicating static magnetic order, shown in Figure 5.7b corroborated by a peak in
the dynamic relaxation rate at the same temperature shown in Figure 5.11. Then what was
denoted as TN3 is the temperature at which there is an observed abrupt change of the shape
of the field distribution from an asymmetric broad distribution at higher temperatures to a
narrow symmetric one at lower temperatures.
Weak anomalies are found in the 139La-NMR data at the same temperatures at which
strong changes in the SR spectra are observed even though both techniques measure at
completely dierent time scales. This indicates that at these temperatures, transitions in a
thermodynamic sense take place. A reason why NMR is apparently much less sensitive to
the observed transitions will be satisfactorily explained also in the following sections.
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5.4 Coming up with a Physical Scenario for the
Magnetic Ordering
In the following, I will sequentially describe the steps undertaken in coming up with a phys-
ical scenario for T 0-LCO from the combined experimental observations. This is initiated by
considering symmetry-allowed magnetic structure models for T 0-cuprates, as defined in the
introduction chapter, section 2.3.7. Using these models, magnetic dipole field calculations
were performed. An intermediary and significant step that will be discussed in the following,
is the determination of the muon site which is then included in the calculations.
5.4.1 Muon Site Analysis in T 0-La2CuO4
The relevant quantitative information that can be extracted with the positive muon as a local
probe can be augmented by knowing exactly the interstitial site where the muon is sitting.
The final stage of the muon’s deceleration process in matter takes place by electrostatic in-
teractions with the sample and, from a few eV to zero kinetic energy, the muon travels 1m
before coming to rest in an interstitial site [150]. Thus, inspecting the electrostatic potential
shape can provide physical intuition for the final muon site. Nonetheless, in insulators, the
positive muon tends to form bonds with the atomic species present in the host material. This
is mainly due to the absence of conduction electrons that could contribute to the screening of
the positively charged particle. For this reason, the final interstitial position can be dierent
from the minimum of the electrostatic potential.
To this aim for our T 0-LCO, ab initio strategy based on density functional theory (DFT)
calculations had been implemented to identify local minima corresponding to possible in-
terstitial muon sites for T 0-LCO.4 A detailed description of the computational analysis and
complete results from the calculations will be published later by our collaborators. Here, I
will only give a concise description that outlines the significant points that derive the muon
site for our magnetic dipole field calculations that will be presented in the next section.
4This was done by Pietro Bonfà, from our collaborating group of Prof. Roberto De Renzi of Dipartimento di
Fisica e Scienze della Terra and Unità CNISM di Parma, Università Degli Studi Di Parma, Italy
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Brief Computational Background
The T 0-LCO electrostatic potential has absolute minima close to the oxygen atoms in the LaO
planes, the charge reservoir layer. There are also other narrow relative minima of dierent
planes and close to the O atoms in the CuO planes. If the muon were not forming chemical
bondings with the O atoms, the minima of the potential would roughly correspond to the
interstitial sites. On the other hand, the formation of +-O bonds leads to the formation of
three symmetry inequivalent interstitial sites. It has to be noted that the most energetically
favorable path for the muon to pass through the material is close to the reservoir layer.
To obtain the description of the possible interstitial muon sites, the method described in
Ref. [151] had been used. In this method, the generalized gradient approximation (GGA)
functional [152] had been used to the DFT and the pseudopotential-based plane wave method.
This has the advantage of correctly predicting the antiferromagnetic insulating ground state
of T 0-LCO. The present calculations indicate the existence of a spin polarized solution with
an antiferromagnetic moment of  0.47 B per Cu atom. A supercell approach is imple-
mented in order to approximate the eect of one impurity in the system and avoid the spu-
rious contributions from the replica of the impurity introduced by periodic boundary condi-
tions. Dierent supercell sizes were checked, e.g. 2
p
2 x 2
p
2 x 2 and 3
p
2 x 3
p
2 x 2, and
it was found that they give almost identical results.
To simulate a positively charged muon, a hydrogen atom was introduced, an electron from
the system was removed, and a compensating background was added. This is routinely done
when simulating the eect of charged interstitial impurities from first principles. Starting
from random interstitial positions, the muon’s position and the surrounding crystal lattice
were relaxed. Three possible symmetry inequivalent sites were obtained, labeled A, B and
C in Figure 5.14. In the figure, the final interstitial site are sketched in the
p
2 x
p
2 x 1 cell.
Note here that this unit cell is rotated by 45 from the typical tetragonal cell presented in this
thesis.
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Figure 5.14: Schematic representation of the possible final interstitial muon sites labeled A,
B and C. The gray balls are the La atoms, the dark yellow balls are the Cu
atoms, and the red balls are the oxygen atoms.
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To confirm that site A is a trapping site, zero point vibration energy (ZPE) of the muon is
calculated for the case for a muon in site A. The potential felt by the muon is extracted by
performing small displacement from its equilibrium position.
A description of the perturbation of the muon on the lattice structure for site A is displayed
in Figure 5.15.
Figure 5.15: a) and b) Probability density for the muon in site A. The colored shadows rep-
resent the muon probability density distribution with a linear scale from blue
to red. A cuto is set to 1 tenth of the maximum probability density. c) Final
muon position and lattice distortions.
The oval shape of the probability density in the xy plane in Figure 5.15a is due to the
anharmonicity of the potential while the elliptic shape in the yz plane is a consequence of the
neighboring La atoms. The large area explored by the muon is a well known consequence
of its light mass compared to the proton. Quite notably, the most probable position for the
muon is shifted from the potential minimum by  0.07 Å along the bond direction away from
the closest oxygen. Thus, the most probable position for the + in site A is located at 1.10 Å
away from one relaxed oxygen and 1.185 Å from the original O(2) position in the O(2)-O(2)
bond direction in the charge reservoir LaO layer. Its location in the in the usual tetragonal
cell is (0.285, 0.205, 0.249) . With 90% probability, the muon resides within a sphere of
radius 0.26 Å centered at the maximum probability point.
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Conclusion: Muon Site Analysis for T 0-La2CuO4
DFT calculations had identified three local minima corresponding to possible interstitial
muon sites. By taking into account the zero point energy (ZPE) of the muon, we can confirm
that site A is a trapping site and that the most probable position is located along the O(2)-
O(2) bond, 1.10 Å far from one oxygen in the LaO plane of T 0-LCO.5 This means that in the
tetragonal unit cell there are 8 structurally equivalent muon sites, see Figure 5.16.
5A publication with the details of the muon site analysis of T 0-LCO will follow soon.
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5.4.2 Magnetic Dipole Field Calculations
Combining the data obtained from SR and 139La-NMR allows us to attempt to formulate a
plausible and consistent physical picture, considering calculation of magnetic dipole fields at
the muon sites and the La-site. 6 Hyperfine fields at the respective muon and the La-sites are
analyzed by means of a local dipole summation. The muon site derived from the ab-initio
calculations in the previous section is included as an input in the calculations. Dipole field
calculations were done as well at the La-site at (0, 0, 0.3528).
As illustrated in chapter 2 section 2.3.7, various spin geometries possible for body-centered
tetragonal cuprates with the two experimentally-found antiferromagnetic propagation vectors
within 3 and 5 IR, respectively, were adapted in the dipole field calculations. The geometry
of the Cu spins is already given in Figure 2.11 with the definition of the rotation angles of
spins in the dierent planes, notably the  and . As mentioned,  is the angle of rotation
of the in-plane spins (blue spin in the figure),  is the angle of rotation of the spin in the
neighboring plane (red spin in the figure).
The two collinear structures originating from K1 and K2 propagation vectors are energet-
ically degenerate domains so if the spin structure originating from K1 propagation vector is
entirely rotated by 90, one obtains the other domain originating from the K2 propagation
vector. These collinear domains, also called 90 -domains, are always there in a powder and
they result in an equivalent absolute local field at the muons site. Note also that with respect
to symmetry operations, e.g. inversion of all Cu moments: NCol II(+) ! -NCol II(+), being
180 domains with respect to each other. So in the same way, the noncollinear structures de-
noted with the (+) and (-) are also 90 -domains. Thus for each IR, we have the represented
structures denoted as Col I and Col II, NCol I and NCol II. Hence, one need not show the cal-
culations for each magnetic structures with K1 and (+) since, as justified, the corresponding
K2 and (-) are always 90-domains providing the same field at the muon site.
In T 0-LCO, four sets of parallel moments are considered. These are shown in Figure 5.16.
They are represented bym11 = -m12, andm21 = -m22. Here, interplanar antiferromagnetism
is already assumed due to the strong antiferromagnetic coupling J within the CuO2 plane.
Essentially, there are pairs of fields sensed at the muon sites (1, 5), (2, 6), (3, 7), and (4,
8) with equal magnitude of local field for all  and  angles. The magnitude of the field is
shown in Figure 5.17 as a color map for all angles  and . Interplanar moments m11 and
m21 are parameterized by  and , respectively. The magnetic field can be described by an
6With the input of the suggested magnetic models from our side (see chapter 2,section 2.3.7), the actual
calculations were performed by Marco Günther, from our collaborating group of Prof. Dr. Hans-Henning
Klauß of the Institut für Festkörperphysik, TU Dresden, Germany.
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eective coupling to the moments on the Cu sites. Thus, |Bdipol(r)| = |a(r,,) mCu|, with
a(r,,) being the coupling tensor.
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Figure 5.16: Definition of angles, Cu moments and muon sites used for the magnetic dipole
calculations. See text for a detailed explanation.
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
 
 	

Figure 5.17: Coupling map of all 8 pairs of fields at the muon sites. There are pairs with the
same magnitude of local field for all  and  at the muon sites. These are the
fields (1,5), (2,6), (3,7), and (4,8) .
Figure 5.18 shows the coupling map at the muon and La sites, respectively, as a function
of  and  for comparison. Please note the small variations of the field at the La site in
contrast to the ones calculated for the muon sites.
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Figure 5.18: (left) Coupling map of the pair of field (1,5) at the muon site as a function of 
and . Some particular models of magnetic order are highlighted, i.e. the fields
on the green line correspond to magnetic structure models belonging to the 3
IR while the ones on the blue line belong to the 5 IR, (right) Coupling map of
the La site at rLa as a function of  and . Only small changes of the dipolar
coupling occur at the La site. Please note especially, that all magnetic structure
models belonging to the same IR produce the same magnetic field at the La site.
Among all possible magnetic models there is only a dierence of 10% in the
magnitude of the dipole fields at the La site while there is a variation of 100%
on the muon sites.
In the following, I will be showing the obtained dipole field maps within the z= 0.25
plane of the unit cell of the special case models, Col I, Col II, NCol I, and NCol II in order
to discriminate which among the models can best-describe the low-temperature regime that
will be discussed in more detail in the next section. Muon sites with dierent magnitudes
of the magnetic dipole field are shown as stars of dierent color in the maps. The number
of magnetically-inequivalent muon sites and the magnitudes of the fields are given in the
caption of the figures.
107
5 Structural and Magnetic Properties of T 0-La2CuO4







	 
   
	











 






	
















Figure 5.19: Dipolar coupling map of magnetic order Col I (K1). Here,  = 3/4 and  =
7/4. There are two sets of magnetically equivalent muon sites (1,4,5,8) and
(2,3,6,7) that obtains the coupling, 0.0125 T/B and 0.0510 T/B, respectively
for each set of sites.
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Figure 5.20: Dipolar coupling map of magnetic order Col II (K1). Here,  = 3/4 and  =
3/4. There are two sets of magnetically equivalent muon sites (1,4,5,8) and
(2,3,6,7) that obtains the coupling, 0.0006 T/B and 0.0480 T/B, respectively
for each set of sites.
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Figure 5.21: Dipolar coupling map of magnetic order NCol I(+). Here,  = 1/2 and  = 0.
There are two sets of magnetically equivalent muon sites (1,2,5,6) and (3,4,7,8)
that obtains the coupling, 0.0449 T/B and 0.0272 T/B, respectively for each
set of sites.







	 
   
	






	














 








Figure 5.22: Dipolar coupling map of magnetic order NCol II(+). Here,  = 1/2 and  = .
There are two sets of magnetically equivalent muon sites (1,2,5,6) and (3,4,7,8)
that obtains the coupling, 0.0335 T/B and 0.0343 T/B, respectively for each
set of sites.
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Five models for the dipole field calculations were implemented to attempt to come up
with plausible physical scenarios depicting the broad field distribution at high temperatures.
Therefore the following models assume a variation of dierent magnetic structures within the
sample. This produces locally dierent magnetic environments for dierent muons within
the sample. The magnetic field distribution that would be measured by the muon ensemble
is then obtained by histogramming the local fields for the various local magnetic structures.
This physical situation is e.g. possible if at a given temperature the anisotropy in the CuO2
plane is not strong enough to stabilize a preferred direction of the Cu spins and random spin
alignments between neighboring planes are realized. It turns out from the simulations that
next-nearest Cu planes have only little influence on the field at the muon site. Therefore,
the obtained field distributions are virtually identical if the relative spin orientation between
neighboring planes  varies smoothly along a spatial direction, e.g. by a continuous increase
of the angles  and  or if  is randomly distributed within the sample. In the following
some models are presented, each of which results in a dierent field distribution that later
should be compared to the experimentally-observed Overhauser-like distribution obtained in
the static magnetic regime between 40 K and 115 K by SR.
Model 1: Random planemodel. All possible models of the - plane are realized. Figure
5.23 shows a histogram of the parameter plane normalized as a probability density function
(PDF) sampled on a 100x100 grid.
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Figure 5.23: Local field histogram of the whole --plane sampled on 100x100 grid. This
is a model describing the situation of no coupling between neighboring planes
and no preferred orientation within the CuO2 plane.
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Model 2: Collinear models with correlated rotations. Collinear models in this subset
are generated by applying likewise rotations to all Cu planes and are situated on a straight
line in the --plane. This model therefore assumes a coupling between neighboring planes
that forces the spins to be collinear, but with no restriction of the orientation of the spins
within the plane (no large enough anisotropy). Note that the various magnetic structures in
this model do not belong to the same IR.
The left figure of Figure 5.24 shows a plot along the section of the model in the parameter
space. The two sets of muon sites (1,4,5,8) and (2,3,6,7) give equivalent fields. In addition,
all the collinear models within dierent IRs give the same histograms, see the right figure of
Figure 5.24. The field at the La-site is also included and it is displayed in the figure with a
dark yellow line that is almost constant at 0.09 T/B.
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Figure 5.24: (left) Local fields for a selection section of all local probe sites along  =  +
. The dark yellow line comes from La. The purple line comes from muon
sites 1,4,5,8. The green line comes from muon sites 2,3,6,7. (right) Probability
density function along  =  + .
Model 3: Noncollinear models with correlated rotations. This set of models is defined
by  = /2 + . Again all noncollinear models are connected by likewise rotations, therefore
resulting in equivalent histograms of local fields/coupling. This model is similar to the pre-
vious model 2 with the dierence that the relative orientation between neighboring planes is
fixed to 90. Here, the two sets of sites result into a broad field distribution not tangenting
zero field. The field at the La-site, like in Model 2, is almost constant.
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Figure 5.25: (left) Section of all local probe sites along  = /2 + . Dark yellow line: La.
Purple line: muon sites 1,2,5,6. Blue line: muon sites 3,4,7,8. (right) PDF along
 = /2 + .
Model 4: Correlated but antilikewise rotation within 3 IR. Here,  = /2 - . This
defines the set of models generated by antilikewise  and  rotations, respectively, within
the 3 IR. These structures produce magnetic fields at the muon and La sites that lie on the
green line in Figure 5.18. A broad field distribution is generated as shown in the right figure
of Figure 5.26. The left figure is a section showing four sets of -shifted muon sites. The
field at the La-site is constant.
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Figure 5.26: (left) Section of all local probe sites along  = /2 - . Dark yellow line: La.
Orange line: muon sites 1,5. Blue line: muon sites 2,6. Green line: muon sites
3,7. Purple line: muon sites 4,8. (right) PDF of 3 along  = /2 - .
Model 5: Correlated but antilikewise rotation within the 5 IR. This model connecting
the magnetic structure models within 5 IR is defined by  = 3/2 -  in the parameter
space. The physical interpretation of this model is equivalent to the one of model 4 with
the dierence that only magnetic structures allowed within the 5 IR are adopted. These
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structures produce fields indicated as blue line in Figure 5.18. The section is characterized
by four sets of fields at the muon sites but form two eective sets as shown in the left figure
of Figure 5.27. Near  = n/2, where n is a natural number, all fields form a single eective
field at the muon site. The field at the La-site is constant.
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Figure 5.27: (left) Section of all local probe sites along  = 3/2 - . Dark yellow line: La.
Orange line: muon sites 1,5. Blue line: muon sites 2,6. Green line: muon sites
3,7. Purple line: muon sites 4,8. (right) PDF along 5 along  = 3/2 - .
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5.4.3 Plausible Physical Scenario for Each Characteristic
Temperature Regime
In the following, each of the characteristic temperature regimes will be thoroughly discussed
including the discussed magnetic dipole field calculation results aimed at reproducing the
experimental field distributions to come up with plausible physical scenarios of the magnetic
ordering.
230 K  T  300 K, Paramagnetic Regime
It was found by zero-field SR measurements that at the highest temperatures 300 K down
to 230 K, T 0-La2CuO4 is in its paramagnetic state. One of the crucial considerations with
the SR technique is the possibility of the muon to diuse within some systems obscuring
interpretation of data. However, analysis show that in this particular system, muon diusion
scenario is definitely ruled out. The Gaussian Kubo-Toyabe signal at this temperature region
is a proof of a static field distribution and our muon site analysis is a proof that it is bound to
an oxygen atom, similar to other related works on the calculation of the muon site in cuprates
[149]. Hence, the muon is not diusing within the system. The paramagnetic fluctuations
are too fast to be measurable with SR.
120 K  T  220 K, Quasistatic Regime
The increase in the transverse relaxation rate sensed by the muon signify the building up
of magnetic correlations and at the same time, there is also an observed increase of the
longitudinal relaxation rate that imply the presence of dynamics. Thus, the order is only
quasistatic. On the other hand, the dipole field sensed at the La-site seems to suggest that
there is a rather conventional magnetic ordering below 220 K. The reason for this is that
the La nucleus is sitting in a symmetric site and does not strongly see fluctuations nor static
changes as evidenced by the dipole field calculations. Hence, independent of the magnetic
structure, the field at the La-site is always very similar.
Dipole field calculations on the La-site shown in the right figure of Figure 5.18 really
prove that regardless of the magnetic structure model, only small changes of the dipolar
coupling is obtained. Thus, 139La-NMR is not sensitive to changes in the magnetic structure
nor to fluctuations within the system. Staying in the same IR magnetic structure even do not
change at all the local field at the La site as evidence by the blue-violet and yellow-green line
in Figure 5.18. The dierence in local fields at the La site between two arbitrary magnetic
models with the moments in the ab-plane is only 11%. On the contrary, the left figure of
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Figure 5.18 displays the dipole fields sensed at the muon site in which minute changes in the
structure or field distributions can be distinguishable by the muon. This is because the muon
sits on a non-symmetric interstitial site and can therefore observe changes between dierent
magnetic structures. The smooth built up of a well-defined local field at the La nucleus below
220 K is therefore satisfactorily explained, as long as the magnetic moments lie within the
CuO2 plane.
In the following, I will attempt to explain plausible scenarios regarding this quasistatic
behavior of T 0-LCO which is essentially a 2D system at high temperatures, but finally has to
order in a 3D magnetic structure at low temperatures.
Scenario 1: At intermediate temperatures, 220 K down to 120 K, the magnetic corre-
lations are already built up as seen by NMR but are still fluctuating as given by the weak
dynamics sensed by muons. The exponential depolarization function has its tail going to
1/3, indicative of a quasistatic magnetic signal, i.e. the transverse relaxation is much faster
than the longitudinal relaxation. This depolarization signal, as well picks up in addition weak
dynamic signals. These results could imply that the CuO2 planes order (seen by NMR), and
still the alignment between the planes is fluctuating as seen by the slow dynamics in the time
window of the muons. These already-ordered planes has a correlation length that is rather
very long (e.g. 272 lattice constants at TN1, this will be discussed in the next section), but
are still fluctuating against every other layer.
As previously discussed, the BCT cuprates magnetic properties are very well-described by
the isotropic Heisenberg model in two dimensions and the dominant energy is the isotropic
exchange energy between nearest-neighbor spins in adjacent planes. For systems with tetrag-
onal symmetry, the mean field exerted by one layer on the adjacent layer vanishes and there
is classical degeneracy. Yildirim [72] had discussed that there is a strong second neighbor
antiferromagnetic interaction and weaker first neighbor interaction on a body-centered cubic
geometrical arrangement of spins. In such a case, the classical exchange field at any site on
one sublattice due to the spins in the other sublattice is zero. Thus, the eective quantum
interaction between the two subsystems are decoupled [72]. In a BCT antiferromagnet, sym-
metry allows an interaction of the next nearest-neighboring sublattice that would uniquely
fix the orientation of all, say, even-numbered layers with respect to one another.
Thus, a physical scenario that one can infer from the above explanation is that below
220 K, there is an antiferromagnetic coupling between the Cu moments within the planes
and the coupling to the next plane is weak due to frustration. Hence, the relative orientation
between the planes can be random and even fluctuating. The 3D magnetic ordering tran-
sition that appears at 220 K might be due to the coupling of every second plane which is
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ferromagnetic.
This scenario gets more and more plausible as J0 gets smaller. In the T 0-LCO case, it
might be the smallest yet observed. This will be further discussed in the last section of this
chapter.
Scenario 2: This quasistatic behavior may be one of those compelling evidences for the
long-documented quasi-2D (and dimensional crossover) behavior of the cuprates. This be-
havior is at first marked with fluctuations which have essentially a 2D-like character and very
near to the phase transition, when the correlation lengths is suciently large, they crossover
to their ultimate 3D behavior. It may be a provocative conjecture, but another scenario might
be that this quasistatic regime could be a signature of a Kosterlitz-Thouless transition. This
would imply that at TN1 = 220 K the system undergoes a transition from a 2D Heisenberg
model to an eective 2D XY model, as it might be suggested by our NMR measurements
which indicate that the moments are in plane below TN1. From the Mermin-Wagner theo-
rem, there is no phase transition in a 2D XY model but nonetheless exhibit a kind of phase
transition called the Kosterlitz-Thouless (KT) transition. This transition is characterized by
two phases: a disordered high-temperature phase where the correlation-function decays ex-
ponentially, and a low-temperature phase with a quasi-long range order and the correlation-
function decays with a power law. However, if the system directly undergoes an ordering in
3D XY (in the presence of quantum fluctuations) at higher temperatures and the correlation
length follows a power law behavior, the KT transition may not be observed.
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40 K  T  115 K, Static Regime
At this temperature range, T 0-LCO is in the true static regime in which the SR signal is
described by a zeroth-order Bessel function. This indicates the presence of a broad and
asymmetric field distribution that may imply dierent scenarios for the realized spin struc-
ture.
A distribution of internal fields sensed by the muons in this temperature regime indicates
a distribution of local magnetic environments.
This broad field distribution at this intermediate temperature can give a physical picture
which could be thought that the system is consisting of grains possessing all dierent spin
structures which are allowed by symmetry. Another possible scenario is a spin density wave
with a continuous modulation of the relative angle between neighboring planes along the
c-direction from unit cell to unit cell.
Three among the five models depicted in the dipole field calculations section can reproduce
a broad field distribution with a pronounced tail to low fields as typical for an Overhauser
distribution. To obtain a consistent picture from both the La-NMR and the SR measure-
ments, magnetic field distributions at the muon sites have been calculated for each model
assuming the Cu moment mCu that is obtained by the La-NMR measurement within the
same model. The comparison of these model calculations with the actual experimental SR
data is illustrated in the following.
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Figure 5.28: Comparison of the SR experimental data (apple-green line) and the model with
random orientation of planes (shown as Model 1 in the dipole field section).
Here, mCu= 0.335 B was chosen to calculate the field at the muon sites as
deduced from the 139La-NMR measurement within this model.
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Figure 5.29: Comparison of the SR experimental data (apple-green line) and the model
illustrating rotation within the 3 IR (shown as Model 4 in the dipole field
section). Here, mCu= 0.36 B as deduced from the 139La-NMR measurement
within this model.
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Figure 5.30: Comparison of the SR experimental data (apple-green line) and the model
illustrating rotation within the 5 IR (shown as Model 5 in the dipole field
section). Here, mCu= 0.31 B as deduced from the 139La-NMR measurement
within this model. This model fits best the experimental data. The additional
smoothing/broadening of the data compared to the model can well be explained
by some degree of magnetic disorder/imperfections. Note that the upturn of
p(B) for the experimental data at low field values is an artefact of the fast fourier
transformation since the time-independent (zero frequency) tail of the powder
SR data are also transformed.
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From the simulations, even though all three models qualitatively results to a broad field
distribution, the model with the symmetry-allowed variation of relative angles within the
5 IR (Model 5) is evidently the model that best-describes the experimental data at this
particular temperature region. Note that the 5 magnetic structure models are those that
are illustrated, e.g. in Figures 2.13 and 2.15. The distribution of magnetic structures that
are present at dierent spatial locations in the sample are therefore characterized by dierent
relative orientations ( angles) of neighboring CuO2 planes with a rigorous antiferromagnetic
coupling in each plane. Whether all even and odd planes are coupled ferromagnetically can
not be decided by the simulation. Nevertheless, this seems plausible since this magnetic
coupling is weak, but not frustrated by geometry. The variation of the  angle across the
sample implies both that the coupling between neighboring planes is extremely weak and that
at these temperatures, there is no strong enough magnetic anisotropy in the plane compared
to the thermal energy kBT to impose a preferred orientation. The fact that nature obviously
selects only magnetic structures that belong to the same IR of the symmetry group anyhow
shows that a weak coupling of neighboring layers exists. The underlying physical interaction
responsible for this behavior is not clear at the moment.
T  40 K, Lock-in Regime
The single symmetric Lorentzian field distribution seen below 40 K is simulated using the
special cases of the models previously described. Figure 5.31 summarizes all four models
(Col I, NCol I, Col II, and NCol II) in comparison with our low-temperature SR data. In
all four models, there are always two magnetically non-equivalent fields at the muon sites
in the z = 0.25c plane. For model NCol II, the coupling for both sets is very close and may
be seen as one single eective line in an experiment, unlike the other models that give two
splitting fields at the muon site. Thus, this NCol II is the most-probable model for the low-
temperature regime. A magnetic moment at the Cu sites mCu = 0.332 B, very similar to the
mCu = 0.31 B determined from the La-NMR measurements by applying the NCol II model,
will result in a muon precession frequency of about f  1.5 MHz, in excellent agreement
with the observed frequency at low temperatures T < 40 K. In addition, it should be noted
that also the fact that the full amplitude of the SR signal is precessing with one frequency
clearly speaks for the NCol II model.
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Figure 5.31: The dierent models in comparison with the experimental data at low temper-
atures. The values of the two relatively inequivalent fields sensed by the muon
for the same model are labeled with the same color accordingly. Note that the
upturn of p(B) for the experimental data at low field values is an artefact of the
fast fourier transformation since the time independent (zero frequency) tail of
the powder SR data are also transformed. The full amplitude of the oscillat-
ing SR data is present below the peak at about 0.032 T. The NCol II model
shows an excellent agreement of the SR (from which a Cu magnetic moment
of 0.332 B is obtained) and NMR data (from which a Cu magnetic moment of
0.31 B is obtained).
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In conclusion, below TN3 = 40 K, the spin structure locks-in to the magnetic model NCol
II. This is the preferred alignment of the system which may be due to the small anisotropy
in the CuO plane, as proven by the single SR frequency (with quantitative agreement of the
dipole field and signal amplitude). Interestingly, the NCol II model also belongs to the 5 IR
as the model 5 that was deduced to be realized in the temperature range from 115 K down to
40 K. This makes the lock-in scenario even more plausible, since the high temperature model
with a variation of relative orientations  can freely rotate into the low temperature phase
without leaving the IR. This is in line with the concept that thermal magnetic excitations
should take place within the same IR. Apparently, at TN3= 40 K the anisotropy energy within
the plane becomes comparable to the thermal energy and the magnetic structure locks-in into
the energetically preferred NCol II structure. A possible justification of this spin alignment
has been given by Petitgrand et al. [83] who derived the magnetic anisotropy on the basis of
pseudo-dipolar interactions. Also interestingly, it is the very same NCol II structure that is
adapted by Nd2CuO4 at low temperatures [59] indicating that this magnetic structure might
be the generic ground state of BCT cuprates independent of the presence of a magnetic rare-
earth ion or not.
Table 5.7 summarizes the results of the dipole field calculations on both the La-site and
the muon sites for both the low- and high-temperature regimes. Please note that the moment
slightly decreases with decreasing temperature, as exhibited by the temperature dependence
of the usual order parameter.
123
5 Structural and Magnetic Properties of T 0-La2CuO4
Table 5.7: Table of coupling constants and eective moments for each magnetic structure
model
139La  f ield1  f ield2
T < 40 K T > 40 K T < 40 K T > 40 K T < 40 K T > 40 K
Experimental 29 mT 29 mT 1.5 MHz 1.9 MHz 1.5 MHz 1.9 MHz
Col I Coupling (T/B) 0.0811 - 0.0125 - 0.0510 -
eective Cu moment (B) 0.36 - 0.89 - 0.22 -
NCol I Coupling (T/B) 0.0811 - 0.0449 - 0.0272 -
eective Cu moment (B) 0.36 - 0.25 - 0.41 -
Col II Coupling (T/B) 0.0934 - 0.0480 - 0.0006 -
eective Cu moment (B) 0.31 - 0.23 - 18.5 -
NCol II Coupling (T/B) 0.0934 - 0.0335 - 0.0343 -
eective Cu moment (B) 0.31 - 0.332 - 0.324 -
Model 4:
rotation 3 Coupling (T/B) - 0.0811 - 0.0525 - 0.0525
eective Cu moment (B) - 0.36 - 0.268 - 0.268
Model 5:
rotation 5 Coupling (T/B) - 0.0934 - 0.0479 - 0.0479
eective Cu moment (B) - 0.31 - 0.294 - 0.294
Model 1:
random angles Coupling (T/B) - 0.08725 - 0.047 - 0.047
eective Cu moment (B) - 0.335 - 0.30 - 0.30
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The kind of order a physical system can undergo is profoundly influenced by its dimen-
sionality. Conventional long-range order is common in three-dimensional systems at low
temperature. However, as previously mentioned in the Hohenberg-Mermin theorem, the
true long-range order in an ideal 2D Heisenberg system having continuous symmetry is de-
stroyed by thermal fluctuations at any finite temperature. The quasi-2D magnetic compounds
undergo 3D magnetic ordering that is attributed to slight deviations from an ideal 2D system
brought about by the interlayer coupling [153] or spin anisotropy of XY symmetry [154].
In this present work, the most interesting result is that our T 0-La2CuO4 has strongly re-
duced Néel temperatures compared with the orthorhombic T -La2CuO4, and with other mem-
bers of the T 0-Ln2CuO4 e.g. Pr2CuO4 and Nd2CuO4 systems. An attempt to explain and dis-
cuss the possible origin of this strong reduction of the Néel temperatures is presented in the
following. Moreover, the implications of our results on the 3D ordering in the long-studied
lamellar tetragonal systems is indeed a challenge to elucidate. Nonetheless, I will still naïvely
discuss plausible explanations that encompass the magnetic interactions of T 0-LCO, in the
light of known magnetic features of the insulating antiferromagnetic parent compounds of
the cuprates e.g. isotropic and anisotropic couplings, frustration, and other competing or
cooperating interactions.
The Néel temperatures of T -La2CuO4 are TN1  TN2  300 K as compared to TN1 =
220 K and TN2 = 115 K for the T 0-La2CuO4. As previously mentioned, the T -La2CuO4
has the CuO6 octahedra with the lanthanum ions that are ninefoldly-coordinated in a mono-
capped square antiprisms [155]. Thus, a first qualitative argument for the reduced Néel
temperatures in the T 0-La2CuO4 compared with the T -La2CuO4 is simply due to the notion
that the octahedral copper environment stabilizes the antiferromagnetic order in the copper
oxygen plane. Although the T 0-modification has wider in-plane lattice spacings in the copper
oxide plane, the rigid oxygen octahedra in the T -phase seemingly augments the energy cost
of a copper spin flip as oppose to a planar coordination. In addition, the presence of an
orthorhombic distortion of the lattice breaks the tetragonal symmetry, partially lifting the
interplanar frustration, and paving way to Dzyaloshinskii-Moriya (DM) interaction leading
to weak ferromagnetism. The transition to 3D ordering in T -La2CuO4 was attributed to
the finite coupling between the planes and the antisymmetric DM spin exchange anisotropy.
Note that this anisotropy is absent in tetragonal lamellar systems.
Now comparing the obtained Néel temperatures for the T 0-La2CuO4 with TN1 = 220 K
and TN2 = 115 K to other T 0 cuprates like Nd2CuO4 and Pr2CuO4 with TN1  250 K, the
former has still much more reduced TNs. This strong reduction we account to two fac-
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tors. One, the increase of lattice parameters along both the a- and c -axes, as shown by the
progression of the lattice parameters for the T 0 systems in Figure 5.32. Second and more
interestingly, the reduced TN compared to other T 0-RE2CuO4, e.g. Nd2CuO4 or Pr2CuO4,
with TN1 ' 250 K and TN2 ' 170 K can be explained in a dierent way, i.e. the presence of
a magnetic rare-earth ion which has a striking influence on the interlayer interactions in the
T 0-RE2CuO4. These two accounts will be discussed in more detail in the following.
Figure 5.32: Lattice constants for T 0-RE2CuO4 systems. The inset once again compares the
comparison between a T and a T 0 structure, to note that these RE2CuO4 systems
adhere to the T 0-structure. Reproduced from Ref. [44].
The increased lattice constants should consequently reduce both the in-plane coupling con-
stant (J) as well as the coupling between the CuO2 planes (J’). The cuprates are commonly
characterized by small ratios of J’/J. Thus, the cuprates are considered to be ideal approx-
imations of a 2D Heisenberg antiferromagnet. With this notion, one can use the 2DQNL
model to predict the long-range order and to discuss the dynamic and static properties of
these systems. Within this model, the magnetic correlation length can be estimated from
2D ' 0.5a exp (1/x) [1- x/2 + O(x2)], with the lattice constant a and x = kBT/(1.13J).
The 3D ordering temperature is then governed by the interplanar coupling as given by
J0(N0/S )2(2D/a)2 ' kBTN . N0/S ' 0.36 denotes the staggered magnetization at T= 0
due to quantum fluctuations and 2D is the magnetic correlation length. Considering once
again the phase diagram of the QNL model in Figure 2.5 in chapter 2, for the case when
a long-range order at T= 0 is assumed, the system is in the renormalized classical regime.
Renormalization group analysis results to an exponentially diverging correlation length as a
function of temperature with T!0.
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The increase in lattice constants, in principle, can be considered as the initial rationale
behind the strong reduction of the TN in T 0-LCO. However, experiments have proven that the
in-plane coupling J for the T - and T 0-cuprates depends only weakly on the lattice constant a
[156, 157]. The in-plane coupling J follows a power-law dependence. Thus, J = J0 (a0/a)4
with J0 = 0.13 and a0 = 382 pm. Henceforth, there is an approximately 5% reduced coupling
in the T 0-LCO in comparison with the Pr compound (JLa = 0.95 JPr) and J  0.11 eV can
be calculated. The implication of this result suggests that if TN would be determined by J
like in a 3D Heisenberg magnet (J ' kBTN, which sets the upper limit for the influence of J
on TN in the 2D system), one would suppose a maximally 5% reduction that would still be
much smaller than the observed dierence (TPrN1  250 K and T LaN1  220 K). Additionally,
this estimation of J can also allow us to work out the abovementioned equations for 2D to
determine the interplanar coupling. This points out that having a low TN in T 0-LCO results
from an approximately ten times smaller J0 compared to other T 0 cuprates (J0La  0.08 J0Pr).
This eect appears to be large, keeping in mind the increase in the c-axis by only 2%. Up to
a certain qualitative point, this result can be interpreted in a dierent way.
The body-centered tetragonal cuprates which include a magnetic (NCO) or nearly mag-
netic (PCO) rare-earth element in their structure possess qualitatively very dierent magnetic
structures. It is well-established that a noncollinear magnetic structure is realized [33] for
the rare-earth BCT cuprates in contrast to T -LCO and another tetragonal cuprate SCCO pos-
sesing the collinear arrangement. This suggests that the interaction of the Cu and the rare-
earth subsystems greatly modifies their magnetic properties. In such a noncollinear structure,
the weak pseudo-dipolar interaction which derives from the slight polarization of the mag-
netic RE angular momenta by the antiferromagnetic ordered Cu spins plays an important
role [83]. For the here-studied T 0-LCO, La3+ is a closed-shell nonmagnetic ion which does
not permit for such a polarization that therefore results to a reduced coupling of the CuO2
planes. The derived result of a ten times decrease of the interplanar coupling can possibly
be attributed to the missing polarizable ion in our T 0-La2CuO4. In a simpler description,
the substitution of La by a Nd or Pr is equivalent to putting in some of the magnetic glue
between the CuO2 layers. This finding and claim will later on be reinforced by a study on
La1.85Sm0.15CuO4 to be discussed in the next chapter where some "magnetic glue" has been
added to T 0-La2CuO4 on purpose to study this eect.
The main points discussed above were wrapped up in a publication, see Phys. Rev. B. 82,
180508(R) (2010).
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We synthesized crystalline bulk samples of lanthanum cuprate in the metastable T8 phase using cesium
hydroxide flux. Its crystal structure was determined as space group I4 /mmm, no. 139, a=401.02 pm, c
=1252.66 pm. Muon spin rotation reveals a gradual slowing down of magnetic fluctuations below TN1
<200 K, and static magnetic order below TN2=115 K, in sharp contrast to La2CuO4 in the T structure where
TN1<TN2<300 K. Our result shows that the strikingly different magnetic behavior of the two parent com-
pounds has its origin in the two crystal structure modifications. In addition, we find that T8-La2CuO4 has
strongly reduced magnetic interactions compared to the other T8 materials Nd2CuO4 and Pr2CuO4, where Nd3+
and Pr3+ are magnetic ions in contrast to the nonmagnetic La3+.
DOI: 10.1103/PhysRevB.82.180508 PACS numberssd: 74.72.Cj, 74.25.Ha, 74.62.Bf, 74.72.Ek
La2CuO4 is the parent compound of hole- and electron-
doped high-temperature superconductors of the form
La2−xAxCuO4, e.g., with A=Ba for hole doping and Ce for
electron doping. Since all hole-doped cuprates crystallize in
the so-called T phase, T-La2CuO4 is their parent compound.
In contrast, all electron-doped cuprates crystallize in the so-
called T8 phase, which means that lanthanum cuprate in its
metastable T8 modification is their true parent compound.
Most studies of electron-doped cuprates have been restricted
to nonlanthanum based systems such as Nd2CuO4 or
Pr2CuO4—materials which have no equivalent on the hole-
doped side of the phase diagram.1,2 Revealing the intrinsic
magnetic and superconducting properties of hole- and
electron-doped cuprates requires therefore also a comparison
of T-La2CuO4 and T8-La2CuO4. The structure of T-La2CuO4
is similar to the tetragonal K2NiF4-structure type but re-
ported to be orthorhombically fspace group ss.g.d, Bmab, no.
64g sRefs. 3 and 4d or even monoclinically distorted ss.g.,
Bm11, no. 8d as observed by neutron scattering in almost
untwinned single crystals.5 It exhibits static antiferromag-
netism with reported Néel temperatures between 296 K sRef.
6d and 316 K.5 In the T8- or Nd2CuO4 structure sI4 /mmm,
no. 139d, copper ions are not coordinated octahedrally but
form layers consisting of CuO4 squares. The magnetic prop-
erties of T8-La2CuO4 have not been investigated in detail so
far, simply due to the lack of available bulk samples of this
metastable compound. Magnetic studies of Nd2CuO4 and
Pr2CuO4 have been performed7 but are complicated by the
presence of the additional magnetic ions Nd3+ and Pr3+.
Using conventional bulk methods, only Pr1−xLaCexCuO4
could be synthesized with maximally half of the Pr sites
occupied by La ions.8 The parent compound T8-La2CuO4
itself is difficult to access because of the higher stability of
the T modification. Only recently, Kato et al.9 reported soft-
chemical techniques to synthesize oxide superconductors and
mentioned a successful preparation of T8-La2CuO4 as bulk
material with lattice parameters a=402 pm and
c=1249 pm employing NaOH/KOH melts at 350 °C.10
Here we describe a cesium hydroxide flux based synthesis
route to high-quality bulk samples of T8-La2CuO4, and de-
termine its basic magnetic properties using the muon spin
rotation technique.
Stoichiometric amounts of copper oxide CuO
sFluka .99%d and lanthanum oxide La2O3 sMerck KGaA
Darmstadt 99.5%d were mixed using a ball mill at 15 Hz for
18 min, ground and put in an open silver crucible together
with cesium hydroxide CsOH smonohydrate, Fluka .95%d,
the oxides/hydroxide molar ratio being approximately 1:3.
The crucible was placed in a furnace and heated under puri-
fied argon flow to 653 K for 24 h. After cooling to room
temperature, the reaction cake was ground in an argon glove
box, and then, under flowing argon, washed with distilled
sdeionizedd water to dissolve the hydroxide. A black powder
was filtered off and dried at 343 K in vacuum over night. The
absence of elements sparticularly Csd other than La, Cu, and
O in the samples was shown by energy dispersive x-ray spec-
troscopy. X-ray diffraction patterns of the products on flat
plate holders were collected at room temperature, using a
powder-diffraction system STOE STADI P with monochro-
matized cobalt radiation sl=178.896 pmd in transmission
geometry. A Rietveld refinement fprogram GSAS sRef. 11dg
was performed using structure data from Nd2CuO4 sRef. 12d
as starting parameters. Powder patterns, both experimental
and calculated, are shown in Fig. 1. Table I gives the results
of the structure determination of T8-La2CuO4. Figure 2
shows the evolution of the a and c axes of T8-Ln2CuO4
following the lanthanide sLnd contraction.
We have derived the site occupancies of oxygen in
T8-La2CuO4 including the defect site Os3d of apical oxygen
on an identically fabricated sample. We have found in-plane
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oxygen Os1d 2.000s12d, out-of-plane Os2d 1.938s11d, and
apical oxygen Os3d 0.018s5d. Comparing this result to litera-
ture values,15 our samples are close to the reported values of
the best reduced samples. This shows that the low-
temperature synthesis yields about stoichiometric com-
pounds without additional reduction step. While it is difficult
to tell whether the small Os3d value is significant without
having large single crystals, it is interesting to note that there
seem to be vacancies on the Os2d site. Again, this has been
also found in Nd2CuO4.15
The choice of CsOH as flux medium is important to en-
sure an undoped compound T8-La2CuO4. Since the La posi-
tion is eightfold coordinated, the ionic radius of La3+ is about
116 pm. Sodium with an ionic radius of 118 pm therefore is
a good substitution and sholed dopant. In T-La2CuO4 sodium
doping leads to similar superconducting critical temperatures
of up to 40 K as the classical doping by Sr2+.16 Doping with
potassium sionic radius of 151 pmd is more difficult and
superconducting T-structure samples were not reported.16
For Cs+ with an even larger ionic radius of 174 pm doping in
both the T and T8 structures can be excluded due to the huge
difference in size between Cs+ and La3+.
T8-La2CuO4 is an electrical insulator, i.e., in pressed bulk
pellets the resistivity in a standard four-probe setup was too
high to be measured. We investigated the magnetic properties
of T8-La2CuO4 by muon spin rotation and relaxation
smSRd.17
In the inset of Fig. 3 we show representative zero-field
mSR data at 10, 130, 180, and 220 K. At the highest
FIG. 1. sColor onlined Observed, calculated powder pattern, and
difference curve sbottomd for T8-La2CuO4. Vertical dashes indicate
the positions of the reflections.
TABLE I. Details on the structure refinement of T8-La2CuO4.
Numbers in brackets are standard deviations that refer to the last
digit. Uiso values sin picometer squared are defined as one third of
track of the orthogonalized tensor Uij. Wyckoff sites for La, Cu,
Os1d, and Os2d, respectively, are 4e, 2a, 4c, and 4d sRef. 13d.
Formula unit La2CuO4
Temperature sKd 293s2d
Crystal system Tetragonal
Space group I4 /mmm
a ,b spmd 401.02s2d
c spmd 1252.66s9d
V /10−6 spm3d 201.45s3d
Calculated density sg /cm3d 6.683
No. of reflections smeasuredd 70
No. of parameters srefinedd 10
rmin/max −3.256 /4.458
Rp 0.0741
Rwp 0.0945
x2 0.9468
Atom x y z Uiso or U11, U22, U33, U12, U13, U23
La 0 0 0.3528s4d 0.024s2d, 0.024s2d, 0.037s3d, 0, 0, 0
Cu 0 0 0 0.023s6d, 0.023s6d, 0.048s9d, 0, 0, 0
Os1d 0 0.5 0 0.025
Os2d 0 0.5 0.25 0.05s2d
FIG. 2. sColor onlined Lattice constants for T8-Ln2CuO4. The
data points for LnÞ La are taken from literature sRef. 14d. Inset:
comparison of the T and the stetragonally idealizedd T8 structures of
La2CuO4.
FIG. 3. sColor onlined Temperature dependence of the magnetic
order parameter as measured by the mSR precession frequency sthe
solid line is a guide to the eyesd. Inset: representative zero-field
mSR spectra for 10, 130, 180, and 220 K.
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5 Structural and Magnetic Properties of T 0-La2CuO4
temperature the muon spin polarization Pstd is well
described by the Gaussian Kubo-Toyabe sGKTd function
Pstd= 13 +
2
3 f1− sstd
2gexps− 12s
2t2d.18 The small relaxation rate
s and the functional form are typical for static and randomly
oriented magnetic fields originating from nuclear moments
only. This means that at 220 K, T8-La2CuO4 is in the para-
magnetic state and that the electronic Cu 3d moments are
rapidly fluctuating so that the resulting depolarization, given
by the field averaged over the muon lifetime s2.2 msd, is
small compared with the nuclear contribution. Below tem-
peratures of TN1<200 K an additional exponential depolar-
ization gradually develops with decreasing temperature on
the cost of the paramagnetic GKT signal which can be fitted
to Pstd=exps−ltd with a relaxation rate l. In principle this
relaxation could stem from static or slowly sin the megahertz
regiond fluctuating electronic moments. Longitudinal field
sLFd mSR experiments can distinguish between these two
scenarios.18 Our LF-mSR measurements prove the predomi-
nantly dynamic character of the depolarization. With de-
creasing temperature the fluctuation slows down, thereby
bringing the fluctuation rate into the time window of the
muon s10−6–10−11 sd, which increases the observable depo-
larization. Below TN2=115 K, the electronic moments be-
come static on the scale of the muon lifetime, causing the
muon spins to precess in the static local fields Bloc produced
by the Cu moments.
A translationally invariant antiferromagnet possesses a
well-defined local field Bloc at the muon site. Correspond-
ingly a single Larmor precession frequency 2pf =gmBloc
smuon gyromagnetic ratio gm=8.5313108 rad s−1 T−1d is
found which in an insulator is proportional to the staggered
magnetization, i.e., the magnetic order parameter. The ob-
served damped oscillation is indicative of long-range order
with a moderate degree of magnetic disorder.17 At lowest
temperatures the mSR data of T8-La2CuO4 can be well de-
scribed by Pstd= 23e−lTt coss2pftd+ 13e−lLt with lT and lL be-
ing the transverse and longitudinal relaxation rate. Interest-
ingly, in the temperature interval of 40 to 115 K the low-
temperature fit function does not describe the data well. This
might indicate some more complicated magnetic state in this
temperature range. The temperature dependence of the mSR
precession frequency is shown in Fig. 3. The observation of
a 1/3 nonoscillating mSR signal fraction proves that 100% of
our sample orders since in a fully magnetic powder 1/3 of the
local fields are parallel to the initial muon spin direction and
do not cause a precession. This information is only obtain-
able with a local probe like mSR and is indispensable for the
absolute determination of the Cu magnetic moment by sub-
sequent neutron-diffraction studies. However, since mSR is a
local probe, the Cu spin structure cannot be determined di-
rectly by our measurements and awaits neutron scattering.
The observed mSR frequency is a bit smaller than, but of the
same order as, that in other members of the T8-Ln2CuO4
family.8,19
The difference between TN1 and TN2 is most pronounced
for the here reported parent compound T8-La2CuO4. How-
ever, qualitatively the same picture was also previously ob-
served for other members of the T8-Ln2CuO4 family. For
example, slow magnetic fluctuations below TN1 and the ap-
pearance of static magnetic order below TN2 has been also
observed in Pr1−xLaCexCuO4 and Nd2CuO4.8,20 It has been
shown on identical samples that TN1 as sensed by muons
corresponds to the temperature TN
neutron
, where the magnetic
peak intensity starts to develop in elastic neutron-scattering
experiments.21 Taking into account the different time scales
of mSR and neutron scattering a clear physical picture
emerges from the complementary information of the two
techniques: below TN1<TN
neutron long-range antiferromag-
netic correlations build up in the systems which are quasi-
static on the time scale of the neutron measurement but still
slowly fluctuating in the longer mSR time window while
below TN2 true static order develops on the time scale of the
muon measurement. Please note that this scenario also natu-
rally explains the unusually fast salmost first orderd increase
in the observed mSR frequency below TN2 ssee Fig. 3d.
The most interesting result is that T8-La2CuO4 has
strongly reduced Néel temperatures TN1<200 K and
TN2=115 K sstatic orderd compared to T-La2CuO4 with
TN1<TN2<300 K. Our result suggests that the octahedral
copper environment stabilizes the antiferromagnetic order in
the copper oxygen plane. It is likely that the energy cost of a
copper spin flip in the rigid oxygen octahedra is enhanced
compared to the planar coordination. This simple picture
gives a first qualitative argument for a reduced TN in
T8-La2CuO4 compared to T-La2CuO4, which even has wider
in-plane lattice spacings in the copper oxide plane.
Also compared to other T8 cuprates such as Nd2CuO4 and
Pr2CuO4 with TN1<250 K,19,22 T8-La2CuO4 has the lowest
Néel temperatures TN1 and TN2 sthe onset temperature of
spontaneous muon spin precession indicating static magnetic
orderd. Taking, e.g., the data of Fujita et al.8 on
Pr1−xLaCexCuO4 TN2 extrapolates for x=0 scorresponding to
PrLaCuO4d to approximately 170 K. In the following, we
discuss a possible origin of this strong reduction in TN in
some detail. In principle, this can be anticipated from the
increase in the lattice parameters along both the c and a axes
as shown in Fig. 2 which should reduce both the in-plane
coupling constant sJd as well as coupling between the CuO2
planes sJ8d. Generally, the cuprates are characterized by
small ratios of J8 /J, therefore they can be regarded as nearly
two-dimensional s2Dd magnetic systems. The magnetic
ground state of such a 2D system has been extensively stud-
ied since the discovery of high-TC cuprates. It has been
shown that the 2D Heisenberg model can be mapped onto a
quantum nonlinear sigma model.23 The three-dimensional
s3Dd magnetic ordering temperature is determined by the
small interplanar coupling and TN can be estimated from
J8sN0 /Sd2sj2D /ad2.kBTN. N0 /S.0.36 denotes the reduced
staggered magnetization at T=0 due to quantum fluctuations
and j2D is the magnetic correlation length. Within this model
and in the so-called renormalized classical regime, for which
experiments suggest applicability for the cuprates,24,25
the magnetic correlation length can be written as j2D
.0.5a exps1 /xdf1−x /2+Osx2dg with the lattice constant a
and x=kBT / s1.13Jd. It has been shown experimentally26,27
that the in-plane coupling J for T and T8 cuprates depends
only weakly on the lattice constant a. It follows a power-law
dependence J=J0sa0 /ad4 with J0=0.13 eV and a0=382 pm.
Therefore, in T8-La2CuO4 the coupling is reduced by ap-
proximately 5% compared to the Pr compound
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sJLa=0.95JPrd and amounts to J<0.11 eV. This means that
if TN would be determined by J like in a 3D Heisenberg
magnet sJ.kBTN, which represents an upper limit for the
influence of J on TN in the 2D systemd, one would expect a
reduction of maximally 5% which would be still much
smaller than the observed difference sTN1
Pr <250 K and TN1La
<200 Kd. On the other hand, this estimate of J now allows
us to determine the interplanar coupling from the combina-
tion of the above equations using the measured TN=TN1
<200 K and a=401 pm. This means that such a low TN
results from an approximately ten times smaller J8 compared
to other T8 cuprates sJLa8 <0.08JPr8 d.
This effect seems to be large bearing in mind the increase
in the c axis by only 2%. At least qualitatively this result can
be understood in a different way. It is well established that in
contrast to T-La2CuO4 the T8-Ln2CuO4 compounds possess a
noncollinear magnetic structure, see, e.g. Ref. 28. In such a
noncollinear structure the static and dynamic magnetic prop-
erties are governed by weak pseudodipolar interaction which
derives from the slight polarization of the rare-earth angular
momenta by the antiferromagnetic ordered Cu spins.29 In
contrast to other lanthanides in T8-Ln2CuO4 the La3+ is a
closed-shell nonmagnetic ion which does not allow for such
a polarization therefore leading to a reduced coupling of the
CuO2 planes. In other words, the substitution of La by, e.g.,
Pr or Nd is equivalent to taking out some of the magnetic
“glue” between the 2D CuO2 layers. As a result, only the
direct comparison of T and T8-La2CuO4 swithout the inter-
ference of additional magnetic ionsd reveals the true struc-
tural effect on the intrinsic magnetic properties. One may
speculate that the observed enhanced two dimensionality
sJ8 /J<2310−6d and the corresponding increase in magnetic
fluctuations favors a faster transition into a superconducting
phase upon doping. Indications of such behavior were found
previously in bulk30 and in molecular beam epitaxy grown
thin films31 of T8-La2−xCexCuO4, where superconductivity
occurred even at slightly lower doping values than on the
hole-doped side of the phase diagram. Recent electronic-
structure calculations also indicate a more metallic character
of the T8 structure.32 Furthermore, the doping of maximal
critical temperature in La2−xCexCuO4 is about xopt=0.09,
which is well reduced compared with the optimal doping
concentration in La2−xSrxCuO4, where xopt=0.15.31 However,
these results have to be confirmed by bulk samples.
In conclusion, bulk material of crystalline T8-La2CuO4
was synthesized at moderate temperatures and its crystals
structure was determined. Muon spin rotation measurements
indicate a slowing down of weakly dynamic antiferromag-
netism below TN1<200 K and static order below TN2
=115 K, which is strongly reduced compared to T-La2CuO4
and the other members of the T8-Ln2CuO4 family. Within the
T8 compounds this reduction in TN can be traced back to a
ten times decrease in the interplanar coupling possibly due to
the missing polarizable lanthanide ion in T8-La2CuO4. Our
result can be used as test for a realistic theoretical modeling
of the parent compounds of the electron- and hole-doped
high-temperature superconductors, taking into account their
different crystalline structure.
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5 Structural and Magnetic Properties of T 0-La2CuO4
To recapitulate, T 0-LCO has a body-centered tetragonal structure at all temperatures and
the nearest-neighbor interlayer exchange is fully frustrated, significantly reducing the eec-
tive interplanar coupling. However, such frustration can be removed by quantum fluctuations
that can be due to spin-orbit interaction giving rise to a small in-plane anisotropy [158]. Ad-
ditionally, unlike T -LCO, no orthorhombic distortion exists in T 0-LCO, thus DM interaction
is absent that dominates the T -LCO. The 3D-ordering in a body-centered tetragonal systems
is governed by other type of interactions such as the magnetic dipole interaction, magnetic
anisotropy, and biquadratic exchange interactions, which may compete with the eective in-
teractions due to quantum disorder [72]. In addition, quantum fluctuations produce antier-
omagnetic interaction between alternate layers and zero point fluctuations favor collinear
structures, which obviously in our case is not the dominant eect since a noncollinear struc-
ture is obtained at lowest temperatures.
A sequential progression among the other members of the T 0-RE2CuO4 (RE= rare earth
e.g. La, Pr, Nd) puts this novel parent compound T 0-La2CuO4 to be in trend as it qualita-
tively exhibit the same picture, specifically, the observation of slow magnetic fluctuations
below TN1 and the emergence of static magnetic order below TN2 are similarly the case for
Pr1 xLaCexCuO and Nd2CuO4 [109, 159].
The dierence between TN1 and TN2 and the designation of the true 3D magnetic order
is significant at the same time debatable in our T 0-LCO. It leads us to question when does
the 3D magnetic ordering actually occurs. At TN1, the order is only quasistatic. Although,
a plausible physical interpretation of the quasistatic behavior of T 0-LCO could be another
strong evidence of a dynamical layer decoupling and quasi-2D behavior in the cuprates.
Yildirim [72] supports the idea that the more two-dimensional the system becomes, it is
more plausible that the nearest-neighbor sublayers becomes decoupled due to frustration but
the next nearest neighbors are coupled ferromagnetically thus leading to 3D order. If one
takes TN2 as the true 3D ordering temperature, then our T 0-LCO will be one of the most-
two dimensional system ever-studied. To illustrate, if one assumes ideal 2D Heisenberg
behavior, then one can calculate essential parameters according to the 2DQNL model and
allows us to compare our T 0-LCO to other notable 2D square-lattice quantum Heisenberg
antiferromagnet systems as shown in Figure 5.33.
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Figure 5.33: Quantification of the two-dimensionality of the notable 2D square-lattice quan-
tum Heisenberg antiferromagnet systems, e.g. molecular magnets studied by
Steele et al. [160], other molecular systems, other cuprates, and inserting our
T 0-LCO in the trend. The figure is reproduced from Ref. [160]. The location
of T 0-La2CuO4 in this plot depends on the assignment of the real 3D ordering
temperature which could be either TN1 = 220 K or TN2 = 115 K.
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However, for the T 0-LCO, the observed phase transition temperatures within our des-
ignated range of TN1 and TN2 may also possibly bracket the crossover of the 2D XY to
Kosterlitz-Thouless transition, as this system may exhibit 2D Heisenberg to 2D XY behavior
and then from 2D XY to a 3D XY transition. Indeed, if we are correct, then this material
should be an ideal candidate to further study KT transitions.
Unfortunately, these pool of ideas remain speculative about the true sequence of magnetic
ordering in T 0-LCO. Further quantitative predictions and extensive experimental evidences
must be further obtained to extend our current understanding on the rich transitions exhibited
by this novel BCT cuprate.
.
5.6 Outlook
Our T 0-La2CuO4 is also a true mother compound of the electron-doped cuprates. The find-
ings presented herein will add up to the database of body-centered tetragonal cuprates that
can be made superconducting by electron-doping. In the future, this system doped with elec-
trons by e.g. Ce substitution should provide for the first time a reasonable comparison with
its hole- doped counterpart T -La2 xSrxCuO4. However, this work still awaits successful at-
tempts to dope our T 0-La2CuO4 so the superconducting derivatives are still underway and
would not be a scope of this work.
Single crystal T 0-LCO samples will certainly be also useful to elucidate the magnetic
properties because single crystal samples have the advantage that one not only can probe the
magnitude of the fields but also the field directions with the SR technique.
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6 The Effect of Rare-Earth Substitution
on T 0-La2CuO4 and Oxygen
Reduction on La1.85Sm0.15CuO4
In the previous section, the 2-dimensionality of T 0-La2CuO4 is highlighted and discussed,
and we found that the newly-synthesized metastable T 0-La2CuO4 exhibits much lower TN
and increased magnetic fluctuations compared to other parent compounds of electron-doped
superconductors like Nd2CuO4 or Pr2CuO4.
The next step is to investigate the possible reasons for the observed eects of the increased
fluctuations and much lower TN in the mother compound T 0-La2CuO4 [44]. Namely, the role
of the magnetic rare-earth ion which might eectively enhance the magnetic coupling in the
c-direction will be discussed. Secondly, the influence of the reduction annealing on the oxy-
gen occupancies, e.g. the eect of excess oxygen on the apical defect site or from the copper
oxygen plane of the substituted compound, e.g. La1.85Sm0.15CuO4, will be focused upon.
To address these, a series of measurements on isovalent substitution with magnetic rare-earth
i.e. La2 xRExCuO4 (RE= rare-earth ion), and comparison of as-grown and reduced samples
are carried out.
La1.85RE0.15CuO4 (RE= Sm, Tb, Ho, Er) samples were synthesized and are hoped to
help us understand how and if the magnetic rare-earth ions stabilize the magnetism in the
T 0-structure and enhance the magnetic coupling along the crystallographic c-axis. As the
as-grown samples tend to contain excess oxygen in the T 0-structures, the removal of these
by reduction annealing is well-known to give access to the superconducting regime [28, 35]
and would clearly unfold some intrinsic electronic properties. However, there are dierent
scenarios discussed in other related studies on how oxygen reduction can also eectively
reduce disorder and therefore impurity scattering, suppress the long-range antiferromagnetic
order, and provide itinerant carriers for superconductivity [161, 162, 115, 163, 114, 113, 112,
97] . Hence, it is imperative that the as-grown samples undergo reduction annealing.
In the following sections, the structural and magnetic properties of the bulk samples will
6 The Eect of Rare-Earth Substitution on T 0-La2CuO4 and Oxygen Reduction on La1.85Sm0.15CuO4
be discussed.
6.1 Structural Properties of La1.85RE0.15CuO4 (RE= Sm,
Tb, Ho, Er)
La1.85RE0.15CuO4 (RE= Sm, Tb, Ho, Er) samples were synthesized via the same route as
the undoped T 0-La2CuO4 [44]. The structural quality of the as-grown samples were inves-
tigated by High-Temperature Xray Diraction (HT-XRD) performed by our collaboration
from Technische Universität Darmstadt, Germany. As an example, the XRD pattern for the
as-grown La1.85Sm0.15CuO4 is given in Figure 6.1. The structural parameters were refined
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Figure 6.1: X-Ray diraction pattern for the as-grown La1.85Sm0.15CuO4
and obtained from Rietveld Refinement using the TOPAS Refinement software. In order
to gauge how good the Rietveld refinements are, the R-factors are discrepancy values that
provide the criteria for judging the quality of Rietveld fits. Table 6.1 shows the R-factors of
all the measured as-grown compounds. Rp is the profile R parameter, Rwp is the weighted
profile R parameter, and GoF is the goodness of fit. For a discussion about the details and
significance of these R-factors in Rietveld analysis, see Refs. [164, 165].
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Table 6.1: R-factors for the as-grown samples
Sample Name La2CuO4 LSmCO LTbCO LHoCO LErCO
Rp 12.97 4.78 4.30 5.67 5.52
Rwp 9.84 7.81 5.87 9.42 9.00
GoF 0.9468 2.19 1.24 2.39 2.30
Albeit good quality of the Rietveld fits, the more significant results are the parameters
displayed in Table 6.2 that can draw-up conclusive results for the structural properties of the
abovementioned as-grown compounds.
Table 6.2: La-RE ratio, lattice parameters a and c, and volume
Sample Name La:RE ratio Ionic radius lattice parameter unit cell volume
RE3+ a [Å] [Å3]
[Å] c[Å]
La2CuO4 1.16 4.0102(2) 201.45(3)
12.5266(9)
La1.85Sm0.15CuO4 La: 92.5% 1.079 4.00337(6) 200.333(7)
Sm: 7.5% 12.4997(3)
La2 xTbxCuO4/TbO1.81 La: 92.5% 1.04 4.00797(6) 201.066(8)
Tb: 7.5% 12.5167(3)
La2CuO4/Ho2O3 La: 92.5% 1.015 4.00585(6) 200.886(7)
Ho: 7.5% 12.5187(3)
La2CuO4/Er2O3 La: 92.5% 1.004 4.00737(7) 200.977(8)
Er: 7.5% 12.5149(3)
Taking the undoped compound T 0-La2CuO4 as a reference for the XRD data, a significant
change is observed only for the Sm-substituted compound La1.85Sm0.15CuO4. Since no lat-
tice change is observed for the other compounds of La1.85RE0.15CuO4 (RE= Tb, Ho, Er) es-
pecially in the c-direction, the inclusion of the rare-earth within the systemmay not have been
eective. Please note that when the substitution is not eective, the rare-earth is not included
in the chemical formula of the compound, given in the table is e.g. La2CuO4/Ho2O3. It could
be that when there is a bigger dierence in the ionic radii between the rare-earth used for the
isovalent substitution and the reference compound with La3+, then the substitution is not ef-
fective. The magnetic properties of these systems were also studied by SR and they exhibit
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the same general characteristics as the mother compound. However, due to the inhomogene-
ity of the rare-earth impurity inclusions, this had added complications in discriminating the
physical meaning of the strongly-damped signal that may have come from the rare-earth ions
in SR. Therefore, I will focus on the homogeneously-substituted La1.85Sm0.15CuO4 sam-
ple in the following discussion. Unfortunately, neutron diraction measurements were also
done on our as-grown bulk samples only except for the La1.85Sm0.15CuO4. Materials con-
taining rare-earth elements like Gd, Sm , Eu, or Dy are strongly neutron-absorbing. Hence,
no neutron measurement were done particularly for the La1.85Sm0.15CuO4.
Since only the as-grown La1.85Sm0.15CuO4 exhibited promising results from the XRD
measurements, it was the focus of study to elucidate whether the substitution of a magnetic
rare-earth ion will enhance the magnetic coupling along the c-axis direction. In addition,
the study of the eect of reduction on the magnetism is a second aim. Thus, the as-grown
La1.85Sm0.15CuO4 has undergone reduction annealing at 550C, following the same proce-
dure as in Ref. [166]. In addition, such a temperature was chosen because the compound
transforms to the T -phase when it is heated above the synthesis temperature of 600C. As al-
ready mentioned, reduction annealing is an established step that is necessary for the electron-
doped cuprates to instigate the appearance of superconductivity, which is in stark contrast
with the hole-doped cuprates wherein static long-range antiferromagnetic order is quickly
suppressed, the material becoming metallic and superconducting solely by hole-doping. The
structural properties of the reduced sample were investigated with HT-XRD and structural
parameters were also refined using the TOPAS software package. Table 6.3 gives the refine-
ment results for both the as-grown and reduced La1.85Sm0.15CuO4 samples in comparison
with the pristine compound.
Table 6.3: Xray diraction refinement results of the as-grown and reduced La1.85Sm0.15CuO4
samples in comparison with the parent compound T 0-La2CuO4
Sample Name La2CuO4 as-grown LSmCO reduced LSmCO
Lattice parameter a= 4.0102(2) a= 4.00305(7) a= 4.00474(8)
c= 12.5266(9) c= 12.4988(4) c= 12.4920(3)
Rwp 12.97 7.81 8.56
Rp 9.84 4.78 6.04
GoF 0.9468 2.19 1.29
The reduced La1.85Sm0.15CuO4 sample has slightly expanded along the a- and b-directions
and correspondingly contracted the c-direction in comparison to the as-grown material. This
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may imply that some deficient sites are filled-out or repaired, e.g. Cu sites, during reduction.
It was believed that the high-temperature synthesis can cause Cu vacancies in e.g. NCCO
[167, 168] and PLCCO [169]. Possibly, annealing could drive a redistribution of Cu in which
the vacancies in other layers are filled. In addition, a similar situation illustrated by the two-
step annealing scheme by Krockenberger and coworkers [125] may also be applicable in
our case. It was believed that the as-grown material contains more than the stoichiometric
amount of oxygen which are distributed at the apical sites. The first annealing step did not
alter the lattice parameters but a significantly higher resistivity value was obtained. This
was accounted to oxygen vacancies found in the CuO2 plane. The second annealing was
explained as a process of repairing those in-plane defects by relocating apical oxygen atoms
to the planes [125]. Anyway one has to mention that the measurements of Krockenberger
et al. have been performed on thin film specimens only which means that no true infor-
mation on the oxygen site occupation using e.g. neutron scattering could be obtained. A
decreased c-lattice parameter was anyhow also observed [125] which has also been associ-
ated to the removal of apical oxygen by previous neutron scattering measurements [114, 115]
on Nd2CuO4 single crystal samples.
For the case of our reduced La1.85Sm0.15CuO4, a combination of those abovementioned
scenarios is very likely even though due to the presence of the absorbing Sm in our sample,
neutron scattering measurements could also not be performed. Therefore, we can only argue
in analogy to the previously studied systems. The decreased c-lattice parameter may imply
that the intrinsic apical oxygen found in the as-grown samples had been relocated to the
CuO2 planes, therefore, increasing the a and b- lattice parameters. In addition, it is plausible
that potential Cu defects are healed out at the same time.
However, in comparison with the mother compound, the substitution of Sm resulted in a
decrease of the lattice parameters for both the as-grown and reduced samples in accordance
with the lanthanoid contraction. These structural results are related with its magnetic and
electronic properties which will be further discussed in the succeeding section.
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6.2 Magnetic Properties of La1.85Sm0.15CuO4
The magnetic properties of the samples had been investigated by bulk SR using the Gen-
eral Purpose Spectrometer (GPS) of the M3 beamline at the Paul Scherrer Institute (PSI),
Switzerland.
Since only the La1.85Sm0.15CuO4 samples gave promising results from HT-XRD, these
samples had likely revealed more compelling SR results also. Hence, only the magnetic
properties for the as-grown and reduced La1.85Sm0.15CuO4 samples are discussed as these
are the most viable samples from which a significant conclusion can be drawn.
6.2.1 As-grown and Reduced La1.85Sm0.15CuO4
In this subsection, the as-grown and reduced La1.85Sm0.15CuO4 (LSmCO) samples are pre-
sented side-by-side for comparison and discussion. As mentioned above, the as-grown
LSmCO had been reduced following the procedure done in Ref. [166] wherein the reduction
procedure provides superconducting La1.85Sm0.15CuO4 samples.
La1.85Sm0.15CuO4 should also be undoped since La and Sm ions are both trivalent. The
addition of the Sm is believed to stabilize the structure at high temperatures. We were not
able to reproduce the data of Asai and coworkers [166] obtaining superconducting samples.
Our sample remains magnetic but nonetheless exhibits notable dierences from the as-grown
compound.
The magnetic properties of both the as-grown and reduced La1.85Sm0.15CuO4 samples
are characteristically illustrated by the temperature dependence of the time evolution of the
asymmetry in zero applied field, given in Figure 6.2. It is useful to note that to have a com-
pelling picture and comparison with the mother compound T 0-LCO, the analytic functions
used to model the physical phenomena therein is adapted to the rare-earth substituted com-
pounds as well.
At the highest temperatures, both samples are in the paramagnetic state described by a
Gaussian Kubo-Toyabe polarization function that represents a relaxation originating from
nuclear moments. Also obviously, the paramagnetic fluctuations are too rapid for the muon
to see.
At a slightly lower temperature, at below T = 220 K, given in solid brown circles of
Figure 6.2, the as-grown sample remained paramagnetic while the reduced sample deviated
from Gaussian and developed an exponential-type relaxation. This change of depolarization
from Gaussian to exponential suggests that the rapid fluctuation of the Cu2+ had slowed
down and had gone into the time window of the muon. Although, one observes an increase in
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Figure 6.2: Zero-field spectra of the (left) as-grown and (right) reduced La1.85Sm0.15CuO4
samples at 10, 70, 115, 180, 220, 300 K.
the dynamic relaxation rate L, alongside the increase of the static relaxation rate T , given
in Figure 6.3. This indicates that at this temperature range, quasistatic antiferromagnetic
order similar to the one in the mother compound LCO is realized. On the other hand, one
has to note that the dynamic relaxation rate in LSmCO is a factor of 3 smaller than in LCO
signifying that there are substantially slower magnetic fluctuations in this LSmCO. In other
words, the Cu fluctuation rates are strongly reduced in LSmCO compared to LCO. The
decoupling measurements which will be discussed in the succeeding paragraphs would verify
this.
The results obtained for the rare-earth substituted compounds are compared with the
mother compound. We have defined three characteristic temperatures: TN1 is the onset tem-
perature where the exponential-type relaxation starts to appear, TN2 is the onset temperature
where muon spin precession appears indicating static long-range order, and TN3 is the tem-
perature at which there is an observed change of field distribution from an asymmetric broad
one to a symmetric and more Lorentzian field distribution. Thus, from these definitions, our
characteristic temperature TN1 is 220 K for the as-grown sample and 240 K for the reduced
sample, respectively. This can be also seen in the increase in the magnetic volume fraction
plot of Figure 6.3.
Further cooling down, precession frequency of the muon spin emerges and this proves the
appearance of static magnetic order. This is observed below TN2 = 130 K for the as-grown
sample and TN2 = 170 K for the reduced sample, respectively, as shown in Figure 6.3. This
TN2 for both the as-grown and reduced samples, is nonetheless increased in comparison to
the one obtained for the T 0-La2CuO4 mother compound which is TN2 = 115 K. This is also
visible in the peak of the transverse relaxation rate. At this intermediate temperatures, a
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Figure 6.3: ZF-SR fit results for (left) as-grown and (right) reduced T 0-La1.85Sm0.15CuO4
samples: a) The magnetic volume fraction, b) the frequency, c) the amplitude of
each signal given by the two magnetic components, d) the transverse relaxation
rate, and e) the longitudinal relaxation rate as a function of temperature.
peculiarly-looking broad field distribution is observed which requires a more complicated
fitting model. A reasonable and better fit includes two magnetic fractions at this particular
temperature region. This means that at this temperature interval, two inequivalent muon sites
are detected giving two magnetic components that can be best fitted with Bessel and Cosine
functions, respectively. However, as given by the amplitudes of each signal, the Cosine signal
is very faint which is only about less than 5%, shown in Figure 6.3c.
In order to better visualize and compare the local field distributions at dierent temperature
regions, the real part of the Fast Fourier Transform (FFT) is shown in Figure 6.4 for the as-
grown and reduced samples. Each FFT plot includes representative temperatures at each of
the three important characteristic regions, showing the evolution of the shape of the field
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distributions. The sharp peak appearing near zero frequency is the slowly decaying oset
asymmetry in time space that was not subtracted from the signal. Comparing the as-grown
and the reduced samples, specifically at the intermediate temperatures, one can immediately
see that the reduced sample has sharper peaks which entails that there is less disorder in this
system. The broad field distribution looking like an Overhauser field distribution is much
more pronounced in the reduced sample, see e.g. the 90 K purple plot. These features are
unfortunately not very well-captured by the fit parameters shown in Figure 6.3, e.g. the
transverse relaxation rate is essentially the same for both samples. The probable reason
for this behavior is the peculiar shape of the field distribution which could not be well-
represented by the analytical fit functions.
Taking TN3 in focus, the cosine component gradually grows and the Bessel component
dramatically decreases at TN3 = 70 K for the as-grown, and at TN3 = 50 K for the reduced
compound, down to the lowest temperature. This is exhibited in Figure 6.3 by the amplitude
of the two signals coming from the two dierent magnetic components. This is in contrast
with the mother compound where a very abrupt change of the field distribution is observed
at 40 K. For the reduced sample, the change happened in a more dramatic manner compared
to the as-grown sample. However, both the as-grown and reduced LSmCO samples show a
change in TN3 that is not as abrupt as in the mother compound.
To isolate static and dynamic nature of magnetism, longitudinal field- SR (LF-SR) mea-
surements were carried out at 0.005, 0.02, 0.04, and 0.1 Tesla applied fields. The concept of
decoupling was already depicted in detail in chapter 4. The decoupling experiment results
are given in Figures 6.5 and 6.6, for the as-grown and reduced sample, respectively. These
series of graphs can directly demonstrate that the internal fields are mainly static in nature
in all the dierent temperature regions, and can be decoupled by an applied longitudinal
field. Only in the temperature region between TN1 and TN2 a slight dynamic relaxation is
notable as seen from the small damping of the spectra at long times. On the other hand, this
dynamic relaxation is much smaller than in the case of the mother compound T 0-LCO, see
Figure 5.10. This supports our conclusion drawn already from the ZF data that the magnetic
dynamics is much slower in LSmCO than in LCO. The dierence of the dynamic behavior
of the T 0-LCO mother compound and the LSmCO samples can also be visualized by the
temperature dependence of the dynamic relaxation rate at an applied field of 0.04 T shown
in Figure 6.7. Especially at the intermediate region exhibiting a broader peak and a reduced
by a factor of two on the longitudinal relaxation rate is observed for the LSmCO samples. In
addition, the upturn observed at low-temperatures could imply the slowing down of the Sm
moments at low-temperatures. It would be interesting to test with SR if real static Sm order
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is achieved, but this had not been the focus of the present study.
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Figure 6.4: Field distributions for the (left) as-grown and (right) reduced La1.85Sm0.15CuO4
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erent temperature regions, a) high, b) intermediate, and c) low
temperatures.
144
6.2 Magnetic Properties of La1.85Sm0.15CuO4
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.00
0.05
0.10
0.15
0.20
0.25
0.30
a 80 K
 0         T
 0.005  T
 0.02    T
 0.04    T
 0.1      T
A
sy
m
m
et
ry
 0         T
 0.005  T
 0.02    T
 0.04    T
 0.1      T
c d
b 110 K
130 K
A
sy
m
m
et
ry
e
150 K
g
f180 K
A
sy
m
m
et
ry
210 K
As-grown LSmCO
h220 K
A
sy
m
m
et
ry
time ( s)
250 K
time ( s)
Figure 6.5: Decoupling measurements of as-grown LSmCO sample at various temperatures
with 0, 0.005, 0.02, 0.04, and 0.1 Tesla applied fields.
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Figure 6.6: Decoupling measurements of reduced LSmCO sample at various temperatures
with 0, 0.005, 0.02, 0.04, and 0.1 Tesla applied fields.
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Figure 6.7: Temperature dependence of the dynamic relaxation rate given by LF-SR mea-
surement on T 0-LCO (left side) and the T 0-LSmCO (right side) compounds with
an applied field of 0.04 Tesla.
Summary of Experimental Results for As-grown and Reduced La1.85Sm0.15CuO4
Comparing the as-grown sample with the mother compound T 0-La2CuO4, one can con-
clude that there are notable similarities and dierences between the two compounds. Like
in the mother compound, three magnetic transitions, TN1, TN2, and TN13, are observed.
These emphasize that the mother compound and the as-grown La1.85Sm0.15CuO4 exhibit
very similar overall behavior. The quasistatic ordering remained at the same temperature
which is at TN1220 K, however, fluctuations are much more reduced in the as-grown
La1.85Sm0.15CuO4 compound. The static ordering was enhanced since the observed char-
acteristic temperature TN2 had increased to 130 K for the as-grown sample compared to
LCO. Loosely spoken, the introduction of the magnetic rare-earth Sm into the system is like
adding a magnetic glue between the CuO2 layers that enhances the interlayer coupling. This
would be discussed more in detail in the next section.
Now comparing the as-grown and the reduced La1.85Sm0.15CuO4 samples, TN1 and TN2
are both increased in the reduced sample. This could signify that the 3D ordering is more
stable in the reduced sample than in the as-grown one.
Previously, we identified the TN3 regime in the mother compound as the temperature when
the sample abruptly changes field distribution and this was interpreted as a temperature where
it locks in to the NCol II configuration. In comparison to the mother compound, the change
of field distribution in the as-grown LSmCO compound is gradual and it is enhanced as
TN3 = 70 K. However, in the reduced LSmCO compound, this transition bounced back to
a lower temperature as it slowly goes to TN3 = 50 K which is almost like in the mother
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compound where TN3 = 40 K. This is especially noteworthy since the TN1 of the reduced
sample is actually increased compared to the as-grown sample.
Wrapping up the abovementioned observations, the magnetic transitions and overall be-
havior of both the as-grown and the reduced LSmCO are notably very akin to those transi-
tions exhibited by the mother compound LCO. The key dierences are the raised tempera-
ture at which these transitions occur within the characteristic regimes and the scaled down
magnetic fluctuations in the Sm-substituted compound. The reduction process decreases the
magnetic disorder and further increases the uppermost transition temperature TN1.
6.3 Interpretation of Results for As-grown and Reduced
La1.85Sm0.15CuO4
It is interesting to understand whether the magnetic properties of T 0-RE2CuO4 strongly de-
pend on the type of RE ion and how strong is the influence of these RE ions on the copper
magnetism. As already known, these materials have a tetragonal structure where the cop-
per ions have a body-centered lattice configuration. Consequently, in the antiferromagnetic
state, these copper ions in the adjacent CuO2 planes do not interact in the mean-field approx-
imation if one assumes conventional isotropic Heisenberg exchange coupling. Thus, some
weak interactions may reveal or even impose themselves, which may not be common in other
cuprates.
It is believed that in contrast to T -La2CuO4, the rare-earth cuprates T 0-RE2CuO4 possess a
noncollinear structure. This proposal is supported by neutron scattering studies in magnetic
field confirming noncollinearity of the magnetic structure [33, 170, 84, 171, 102]. In such
a noncollinear structure, the static and dynamic magnetic properties are steered by weak
pseudodipolar interaction which derives from the slight polarization of the rare-earth angular
momenta by the antiferromagnetic ordered Cu spins [83]. In the case of the Nd2CuO4, it was
earlier established that the rather strong magnetic moment of the Nd ion couples with the Cu
spins sublattice that can be accounted to the observed spin-reorientation transitions in this
compound.
In this work, the enhancement of the interlayer coupling as evidenced by the increase
of the Néel temperatures comparing the parent compound T 0-La2CuO4 to the as-grown
La1.85Sm0.15CuO4, is accounted to the isovalent substitution of the magnetic rare-earth Sm
ion in place of the nonmagnetic La ion. Contrapositively, this reinforces and confirms our
previous claim on the low TN of T 0-LCO. Heuristically, the magnetic Sm ion acts as a polar-
izable magnetic glue that enhances the magnetic coupling of the CuO2 planes. In addition,
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the presence of the Sm in the system slowed down magnetic fluctuations between the sub-
lattices. Our results on the magnetism of LSmCO therefore actually support the conclusions
about the exotic sequence of magnetic ordering in T 0-LCO described in the previous chap-
ter. A detailed theoretical description of all present magnetic interactions will be even more
complicated in LSmCO due to the additional interactions between the Cu sublattice and ran-
domly distributed magnetic Sm ions. Previously, the balance on the dierent interactions
involving the RE-Cu, Cu-Cu, and RE-RE along with novel anisotropies were made responsi-
ble for the observed spin-reorientation in these body-centered tetragonal systems such as the
case of the Nd2CuO4 [89, 90, 91, 92, 59, 93, 94, 60, 95]. Previous neutron scattering study on
Sm2CuO4 by Lynn and coworkers did not show evidence of spin reorientation transition but
the zero-field magnetic structure of the Cu sublattice is noncollinear which resembles that of
the phase II of Nd2CuO4 [172], with the dierence that the spin direction is rotated by 90.
The Sm magnetic moments are observed to order below 5.95 K. In a related work by Sumar-
lin, Skanthakumar, and Lynn, it was shown that the Sm magnetic structure of Sm2CuO4
consists of ferromagnetic sheets within the ab-planes, with the spin direction along the c-
axis and spins in alternate sheets aligned antiparallel [173]. Of course it is anticipated that
the randomly distributed Sm moments on the RE sublattice in LSmCO would (if at all) order
at lower temperatures.
On the other hand, this present study on the La1.85Sm0.15CuO4 exhibits rich transitions as
the other tetragonal systems discussed herein. However, the quantification of the exact eect
of the Sm awaits further explanation and will not be the scope of this work.
For the eect of the reduction annealing in the system, the increase of the observed Néel
temperatures comparing the as-grown and reduced LSmCO samples, supports the combined
notions of Kang et al. [121] and Krockenberger et al. [125], pointing to the repair of Cu
and oxygen deficiencies in the CuO2 plane. The annealing would therefore eectively re-
duce the disorder in the CuO2 planes which strengthens the magnetic coupling. On the other
hand, it was shown that the reduction/annealing process results in the suppression of anti-
ferromagnetic order and the increase of the electron mobility, allowing superconductivity
in these electron-doped cuprates [113, 112, 97]. It was even claimed that in the undoped
T 0-La1.85Sm0.15CuO4 (the same stoichiometry as our compound), superconductivity could
be induced by the annealing process [166]. The authors of that paper even claim that the
perfectly annealed sample with a repaired CuO2 plane is metallic and even superconducting
in stark contrast to our findings.
These obvious discrepancies between dierent experimental results and their correspond-
ing interpretation clearly call for a further experimental and theoretical investigation. In the
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next chapter, we try to shed more light on the magnetism of the BCT mother compounds
and the eect of reduction annealing by making a systematic experimental investigation of
T 0-Pr2CuO4 using various experimental techniques and dierent annealing conditions.
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of T 0-Pr2CuO4
To continue the series of measurements aimed at confirming the eect of a magnetic rare-
earth element on the magnetism of the mother compounds of electron-doped cuprates, T 0-
Pr2CuO4 samples were grown and measured. In addition, it was already previously stated
that reducing the as-grown materials has striking consequences for the magnetic and con-
ducting properties and this is dependent on which oxygen site is vacated [53]. Note once
more that in the T 0-structure, there are three possible oxygen positions: O(1) is within the
copper oxide plane, O(2) within the charge reservoir layer, and the third position O(3) is a
defect position at the apical site.
The role and influence of excess oxygen on the magnetism is conjointly investigated in
this compound. The oxygen content and site occupation of the sample before and after the
reduction process were checked by high resolution neutron diraction. The sample before
the reduction is referred to here as the as-grown sample and the one after reduction annealing
is the reduced sample. Magnetic neutron scattering were performed in order to investigate
the magnetic structure of T 0-Pr2CuO4.
Essentially, this chapter would present and discuss data for T 0-Pr2CuO4 obtained from
neutron diraction and SR measurements for the investigation of the material’s structural
and magnetic properties. The structural and proposed magnetic models were simultane-
ously investigated and refined for the data obtained from measurements at the HRPT and
the DMC neutron diractometers at PSI. Rietveld refinement analysis was employed with
the use of the Fullprof software package. The magnetic properties were elaborated by the
SR measurements and data were analyzed using the Musrfit program [148]. Details of the
measurements and data analysis will be further described in the subsections that follow.
The T 0-Pr2CuO4 (T 0-PCO) samples were synthesized by our collaborator from Technische
Universität Darmstadt, R. Hord, following the high-temperature synthesis procedure from
Reference [174]. Two sets of samples were measured, A and B. Each set has both as-grown
and reduced samples. Set B is synthesized primarily for a more systematic study and further
7 Structural and Magnetic Properties of T 0-Pr2CuO4
verification of the measurements done on Set A. Set B has three samples, one as-grown and
two reduced. The eect of the reduction process were verified with the two reduced samples
with dierent thermal treatments.
Table 7.1 gives the list of the studied samples with a brief description of each of their syn-
thesis and reduction process undertaken. This will also serve as a guide in the nomenclature
of the samples for the discussion.
Table 7.1: List of Samples
Set Sample Name Description
Set A As-grown A synthesized at 1100 C
Reduced A900 Ar reduced with Ar flow at 900 C for 12 hours
Set B As-grown B synthesized at 1100 C
Reduced B800 Vac reduced at 800C in vacuum
Reduced B900 Ar reduced with Ar flow at 900 C for 10 hours
7.1 Structural Characterization
7.1.1 Thermal Neutron Scattering Measurements on T 0-Pr2CuO4
High resolution neutron powder diraction data have been collected from thermal neutrons
HRPT diractometer, SINQ, PSI, Villigen, Switzerland. The measurements have been car-
ried out on both sets of samples at T = 300 K or T = 310 K. The samples were placed in
a rotating cylindrical vanadium sample holder with 6 mm diameter. In most of the samples,
refinement analysis were done with a combined fit of two datasets taken from measurements
with two neutron wavelengths, 1.1545 Å and 1.494 Å, respectively. For the As-grown A
sample, only one wavelength, 1.494 Å, was used. Like in the T 0-La2CuO4 sample, available
structure data for Nd2CuO4 [145] were used as initial refinement parameters. As such, T 0-
PCO then has the same positional parameters and Wycko sites as it is also belonging to the
I4/mmm space group.
The same refinement approach is used for the T 0-PCO as the one described for the T 0-
LCO. A pseudo-voigt profile function was used as a fitting function for the reflections. The
background was generated by a polynomial function and was also refined. All the other pa-
rameters like the lattice constants, site occupation and isotropic factors were simultaneously
refined. An example of the Fullprof pcr code file is shown in the appendix.
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Figure 7.1 depicts the neutron powder diraction profile at T = 310 K (paramagnetic
state) for the As-grown B sample. Refinement results for the other samples are shown in the
appendix. From the Rietveld refinement, the lattice parameters were obtained along with the
positional parameters and site occupations. These are tabulated in Table 7.2 and Table 7.3.
The values in parentheses are the errors for each obtained parameter. If there is an error bar
of zero, this indicates that the corresponding parameter has been fixed to the given value in
the analysis.
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Figure 7.1: Diraction pattern for sample As-grown B at T = 310 K.
Table 7.2: As-grown B: Lattice Constants
a b c
3.96168(2) 3.96168(1) 12.24115(7)
Note that in Table 7.3, full occupation for each atom should be: Pr = 2.000, Cu= 1.000,
and O(1) = O(2) = O(3) = 2.000. O(2) and O(3) were correlated in refining the isotropic
factors. This is also true for all the other samples, presented in the Appendix.
The as-grown sample was then reduced at 900 C in Argon flow for 12 hours. Like the as-
grown sample, the reduced sample, named as Reduced A900 Ar, was also measured at HRPT
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Table 7.3: As-Grown B: Positional parameters and site occupations
Name x sx y sy z sz B sB occ. socc
Pr1 0.00000 (0) 0.00000 (0) 0.35161 (7) 0.268 (15) 2.000 (0)
Cu1 0.00000 (0) 0.00000 (0) 0.00000 (0) 0.289 (12) 1.000 (0)
O1 0.50000 (0) 0.00000 (0) 0.00000 (0) 0.563 (12) 2.000 (0)
O2 0.00000 (0) 0.50000 (0) 0.25000 (0) 0.404 (14) 2.018 (9)
O3 0.00000 (0) 0.00000 (0) 0.19063 (498) 0.404 (14) 0.024 (5)
diractometer for investigation of its structural parameters. The data refinement was done in
an analogous procedure to the as-grown sample. The background points were automatically
generated with a polynomial function. No systematic result can be drawn from the Set A
samples since the As-grown A sample was unfortunately measured with only one neutron
wavelength. Thus, Set B samples were synthesized with two dierent reduction annealing
conditions.
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Figure 7.2: Summary of lattice constants for all the measured Pr2CuO4 samples. The As-
grown A sample has been measured only with one neutron wavelength. There-
fore, only a limited q-range has been available for the analysis. This substantially
reduces the reliability of the results shown in the dashed ellipse.
Figure 7.2 shows the lattice parameters of all the measured T 0-Pr2CuO4 samples. The
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dashed ellipse in the figure is to note that for As-grown A sample, there is only one dataset
used in the refinement coming from the measurement with only one wavelength, as men-
tioned previously. Hence, this dataset cannot be directly compared with its reduced counter-
part. However, a more reliable trend can be obtained from the Set B samples.
The Reduced B800 Vac sample did not seem to show a distinct change in the lattice pa-
rameters compared to the As-grown B sample. However, taking As-grown B in comparison
with the Reduced B900 Ar, an increase in the c lattice parameter and a decrease in the a and b
lattice parameters, are evidently observed. Table 7.4 presents the summary of the refinement
of lattice parameters including the volume for all the studied samples.
Table 7.4: Lattice parameters a,b and c, and volume of the T 0-Pr2CuO4 samples
Sample Name lattice parameter a,b [Å] lattice parameter c[Å] Unit cell volume [Å3]
As-grown A 3.96005(2) 12.23728(10) 191.905(0.002)
Reduced A900 Ar 3.96016(1) 12.24376(6) 192.018(0.001)
As-grown B 3.96168(2) 12.24115(7) 192.124(0.001)
Reduced B800 Vac 3.96157(1) 12.24099(6) 192.111(0.001)
Reduced B900 Ar 3.96070(1) 12.24528(5) 192.094(0.001)
In these T 0-structures, the O(2) and O(3) oxygen positions should be cautiously regarded
since these play a key role in the structural and conducting properties of the compound. It is
then imperative to note them. Table 7.5 compiles the refinement results for all the as-grown
and the reduced Pr2CuO4 samples.
Table 7.5: Occupation sites O2 and O3 f the T 0-Pr2CuO4 samples
Sample Name O2 O3
As-grown A 2.048(19) 0.029(12)
Reduced A900 Ar 2.014(8) 0.007(4)
As-grown B 2.018(9) 0.024(5)
Reduced B800 Vac 2.018(9) 0.009(5)
Reduced B900 Ar 1.993(8) 0.004(4)
Comparing the Fullprof refinements in both sets of the as-grown and the reduced Pr2CuO4
samples, all the heat treatment conditions to eradicate O(3) can be considered ecient since,
as presented in Table 7.5, the O(3) occupation site was vacated. This is the case in both
sets of samples. Focusing on the more systematic set B samples, however, the two dierent
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annealing conditions gave a dierent result regarding O(2). For the case of the Reduced
B800 Vac sample, only the O(3) was taken out from the structure while O(2) was unchanged.
On the other hand, both the O(2) and O(3) were drastically taken out for the Reduced B900 Ar
sample consequently reducing its unit cell volume.
7.1.2 Key Experimental Observations from Thermal Neutron
Diffraction Measurements
Two sets of samples were synthesized for neutron scattering measurements, namely Set A
and Set B. Tables 7.4 and 7.5 summarizes the essential structural Rietveld refinement results
from Fullprof of both sets of samples. The structural investigations via powder diraction
measurements with thermal neutrons reveal the presence of O(3) in the as-grown samples.
Set B samples provided a more systematic study and evidently gave more reliable results,
thus, conclusions were drawn from our Set B samples.
For the Set B samples, two reduction conditions were implemented. One sample is re-
duced at 800C in vacuum and the other one at 900 C in flowing Ar gas. In comparison to
the as-grown sample, the Reduced B800 Vac sample did not exhibit distinct changes in the
structural lattice parameters while the Reduced B900 Ar sample had exhibited an increase in
the c-lattice parameter and a decrease in the a and b lattice parameters. In order to further
understand the reduction eect on magnetism, it is useful to note the O(2) sites, which are
the sites in the charge reservoir layer. The site occupations of O(2) and O(3) for the Set B
samples are depicted in Table 7.5. The Reduced B800 Vac sample had only taken out the O(3)
while the O(2) was unchanged while the Reduced B900 Ar sample had drastically taken out
the oxygens from the O(2) and the O(3) sites. Additionally, it is observed that the volume of
the latter sample is reduced due to the removal of these O(2) and O(3) sites.
The abovementioned neutron scattering experimental observations can already directly
point out that the reduction annealing conditions influence the crystallographic properties
of the material. The observed crystallographic properties certainly have influence on the
magnetic properties. This will be presented in the succeeding sections.
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7.2 Magnetic Properties
7.2.1 Cold Neutron Scattering Measurements on T 0-Pr2CuO4
Besides the structural investigations on the HRPT instrument discussed in the previous sec-
tion, neutron diraction experiments were also performed on the cold neutron powder dirac-
tometer DMC at the Swiss Spallation Neutron SINQ (PSI Villigen, Switzerland). This is
primarily done in order to investigate the magnetic structures of T 0-Pr2CuO4. The proposed
structures will be included in the discussion in the following. The experiments were per-
formed at temperatures of 1.5 K to 300 K using neutrons with a wavelength of  = 4.207 Å.
The Fullprof program was once again used to analyze and to model the diraction data.
Magnetic Bragg peaks were observed in cold neutron scattering measurements. These
peaks can be indexed at superstructure positions which are also found in all the other tetrag-
onal RE2CuO4 (RE= Pr, Nd, Sm, and Eu), namely indices (h/2, k/2, l), where h, k are odd
integers and l is any integer. Figure 7.3 shows the evolution of the magnetic Bragg peak
at (-1/2 1/2 1), (1/2 -1/2 1) with increasing temperature. Two indices were given but these
pertain to the same peak position. Only the (1/2 1/2 1) peak is plotted here but in fact, there
is another magnetic peak observed at (1/2 1/2 2) that was being described by the magnetic
model used. The magnetic peaks vanish at the Néel temperature TN = 285 K.
Magnetic refinements were performed with the Fullprof package on the obtained data
from DMC. In the Fullprof pcr file, the crystallographic and the magnetic structures are
both included. As a starting model for the refinement, a simple magnetic structure model
belonging to space group P1 was used to refine the magnetic peaks. The magnetic reflections
can be described with an antiferromagnetic wave vector k= (1/2, 1/2, 0). A k-vector of (1/2,
1/2, 0) implies that there is no modulation along the c-direction but a doubling along the a
and b directions. An example of a pcr file is shown in the appendix.
As discussed in chapter 2, neutron powder measurements are not able to resolve the am-
biguity of the various dierent collinear and noncollinear spin structures shown in Figures
2.14 and 2.15. This essentially stems from the fact that magnetic structures with the k-
vectors K1= (1/2 1/2 0) and K2= (-1/2 1/2 0) can not be distinguished by powder neutron
diraction. In addition, the collinear and noncollinear structures also give the same powder
diraction pattern. This is problematic, since on the one hand, in a real sample always both
90-domains of collinear structures would be present due to their energetic degeneracy in
a tetragonal system and the noncollinear structures on the other hand can be regarded as a
coherent superposition of these two collinear structures, see e.g. Figure 2.12. In single crys-
tals anyhow, neutron diraction can distinguish between the dierent models but only if a
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Figure 7.3: Temperature dependence of the magnetic Bragg peak (-1/2 1/2 1), (1/2 -1/2 1)
of the Reduced A T 0-Pr2CuO4 sample. The temperature dependent shift of the
flat baseline has been attributed to a problem in the detector of the diractometer
after the measurements. This baseline shift anyhow did not disturb the fitting of
the magnetic peak intensity.
symmetry breaking magnetic field or uniaxial pressure is applied [33, 99]. Please note that
due to the very same reasons, powder neutron diraction is also not sensitive to transitions
between the dierent spin arrangements. Despite not being able to discern the correct spin
structure, one information verified is the magnetic order parameter obtained from the tem-
perature dependence of the intensity of the magnetic Bragg peaks. The data in Figure 7.4
show the temperature dependence of the intensity of the (1/2 1/2 1) Bragg peak for each of
the measured samples displaying a transition temperature at TN = 285 K. The As-grown A
sample was not measured on DMC but its reduced counterpart, which is Reduced A900 Ar
was measured and gave preliminary ideas for a more systematic study on this compound
which was afterwards done on sample Set B. If one looks closely, especially in plot d) of
Figure 7.4, the curve is not very smooth but has a dent or discontinuity at 150 K. Addi-
158
7.2 Magnetic Properties
tionally, Sumarlin and coworkers [33] had observed a similar behavior on single crystals of
PCO, shown in Figure 7.5.
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Figure 7.4: Temperature dependence of the integrated intensity of the (1/2 1/2 1) magnetic
Bragg peak of a) Reduced A900 Ar sample, b) As-grown B sample, c) Reduced
B800 Vac sample, d) Reduced B900 Ar sample.
Sumarlin et al. [33] claimed that the overall temperature dependence of the Cu sublattice
magnetization is adequately described by a power-law behavior over the full temperature
range, given as a solid curve in Figure 7.5. The additional scattering intensity which can be
seen below 200 K has been interpreted to stem from small Pr moments which are induced
by the ordered Cu spins via an exchange field at the Pr sites. The Pr moments themselves
have also been shown to order subsequently at lowest temperatures [59].
As we will see in the following, the SR data on T 0-PCO show a series of magnetic tran-
sitions as a function of temperature. The behavior is similar, but more complex than the
one observed in LCO which has no polarizable magnetic rare earth element in the struc-
ture. Therefore, it seems unlikely that the induced magnetic polarization in the RE magnetic
system is at the heart of the explanation for the observed transitions, but add only another
degree of freedom to the complex magnetic interactions in the CuO2 plane. It is more likely
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that the magnetic transitions that are observed with SR are not easily visible with standard
neutron diraction techniques without polarization analysis. The kink in the neutron powder
diraction data shown in Figure 7.4 d) might be therefore an indication of one of the mag-
netic transitions observed by SR at around 150 K. This will be shown in the next section.
In addition, an anomalous reemergence (seen like a bubble) of the intensity at higher tem-
peratures was observed in the neutron data of Plakhty and coworkers, see Figure 7.6. Their
discussion, however, did not include the origin of this feature. A rather similar feature is
seen by SR at high-temperatures, which will be discussed in the later sections.
Yet another proof for the complex magnetic behavior of T 0-PCO is the appearance of
new history-dependent magnetic peaks in the diraction data which I will discuss in the
following.
Figure 7.5: Temperature dependence of the integrated intensity of the (1/2 1/2 1) magnetic
Bragg peak of the neutron work of Sumarlin and coworkers [33] on a single
crystal of PCO.
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Figure 7.6: Temperature dependence of the integrated intensity of the (1/2 1/2 1) magnetic
Bragg peak of the neutron work of Plakhty and coworkers [175] on T 0-PCO.
Note the tiny reemergence of the intensity at high-temperatures.
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Temperature history dependent magnetic diffraction peaks at 40 K
In Figure 7.7, neutron diraction data of the Reduced A900 Ar PCO sample are shown for
T = 40 K. At this temperature, we observed clear magnetic peaks that were not observed at
any other temperature. Any electronic problem of the DMC diractometer can be excluded
from clearly defined peaks. Within our used magnetic structure model P1 one of the peaks
could be identified to be (1/2 1/2 3), while the other one could not be indexed within this
model. An attempt to reproduce these peaks in a second temperature cycle failed as it is
also shown in Figure 7.7. This implies that the occurrence of these magnetic peaks either
strongly depends on the thermal history of the sample or that the corresponding magnetic
structure only appears in an extremely small temperature interval which had been missed in
the second attempt.
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Figure 7.7: Anomalous peaks observed on the Reduced A900 Ar PCO sample at 40 K show-
ing the (1/2 1/2 3) magnetic Bragg peak and another undefined peak at 2 ' 73.9
degrees pointed by the red arrow.
As I will show in the following chapters, SR reveals a magnetic reorientation or lock-in
transition at 40 K very similar to the already discussed transition observed in T 0-LCO. There-
fore, it is reasonable to assume that the sporadically-observed magnetic neutron scattering
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peaks at 40 K are related to this transition in the sense that they belong to a narrow interme-
diate phase bridging between the high and low temperature magnetic phase. The fact that
the 40 K data were not reproducible might indicate that the corresponding magnetic phase is
only metastable and not the true magnetic ground state. Please note anyhow that the peaks
are narrow and well-defined which points to a well-ordered magnetic structure of a spatial
domain size larger than the neutron coherence length.
Further understanding about the magnetic properties of the samples can be left for our
other techniques to elucidate since, as explained above, powder neutron scattering has lim-
itations. In addition to the discussed inability to dierentiate between dierent magnetic
domains, powder neutron diraction is not the technique of choice to determine magnetic
dynamics which could be better done on single crystals. As we will show later, also in T 0-
PCO we observe magnetic dynamics well below the highest magnetic transition temperature
(similar to the case of T 0-LCO). Since large single crystals are available for T 0-PCO it would
be interesting to search for the collective dynamics of 2D magnetically ordered planes which
should be observable by a broadening of the magnetic peaks in qz direction. For the powder
samples used in our investigation, it is anyhow imperative to complement the neutron studies
with local probe techniques like NMR or SR.
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7.2.2 SR Measurements on T 0-Pr2CuO4
SR experiments were carried out using the Dolly and the GPS instruments located at the
E1 and M3 beamlines, respectively, of the Swiss Muon Source, Paul Scherrer Institute,
Villigen, Switzerland.
In the following, I will describe and peruse the magnetic properties of the as-grown T 0-
Pr2CuO4 (PCO). Then the eect of the dierent annealing treatments on magnetism will be
expounded subsequently.
As-grown T 0-Pr2CuO4 Properties
Zero-Field SR (ZF-SR) measurements were performed on both sets of the as-grown and
reduced samples of T 0-Pr2CuO4 (T 0-PCO) to microscopically investigate their magnetic
properties.
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Figure 7.8: Zero-field spectra at 5, 40, 140, 220, 285, and 290 K of the As-grown A T 0-PCO
sample.
Representative ZF-spectra of the As-grown A sample are shown in Figure 7.8. It is note-
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worthy to mention that the analytical functions to model the T 0-LCO were also adopted for
the T 0-PCO. At the highest temperature, T 0-Pr2CuO4 exhibits a paramagnetic signal that is
described by a Gaussian-Kubo Toyabe function above T= 290 K indicating paramagnetism.
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Figure 7.9: a) The ZF-SR frequency, b) the transverse relaxation rate, and c) the longitu-
dinal relaxation rate as a function of temperature of the As-grown A (left-side
figure) and the As-grown B (right-side figure) samples, respectively.
Then incredibly, starting at T = 285 K, fast oscillations at early times of the signal start
to emerge. The muon spin precession can be well-fitted with a zeroth-order Bessel function
at this temperature regime. The fast oscillations are not nicely seen in Figure 7.8 due to the
strong binning of the data. Later, I will discuss the high frequency phase in more detail and
raw data will be shown in Figure 7.15 more clearly. Figure 7.9 shows the SR fit parameter
results for both the as-grown samples A and B. The data are virtually identical proving
the reproducibility of the synthesis procedure. Figure 7.9 a) displays an increase of the
muon precession frequency and at the same time, the transverse relaxation rate, T , given
by Figure 7.9 b), also increased. This increase in T reflects that the internal field sensed
by the muon at this temperature regime increased and that therefore the absolute width of
the field distribution is enhanced. The observed frequency peaks at T = 280 K. The high-
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frequency had suddenly completely receded at T = 250 K. The signal is, however, still
magnetic as demonstrated by the flat tail of the relaxation signal going to 1/3. Please note
that this fast muon frequency of the T 0-PCO in a very narrow temperature interval near TN
may be comparable to the previously shown neutron data by Plakhty et al. [175], see again
Figure 7.6.
With decreasing temperature, the frequency gradually starts to develop again as shown in
Figure 7.9 a). However, at the intermediate region, from 120 K  T  250 K, two magnetic
components fitted with two Bessel functions were used to describe the data. This appearance
of a two-component relaxation function indicates two magnetically dierent muon sites in
the crystallographic structure. This is e.g. clearly seen from the beating of the SR spectrum
at 140 K in Figure 7.8. From below 250 K down to 180 K, only one frequency can be clearly
resolved from these two magnetic components and in addition an increase of the dynamic re-
laxation rate is observed at this region. This is also very well visible in the raw data plotted in
Figure 7.8 since the time dependent asymmetry drops well below the 1/3 tail at 220 K. Then
at a bit lower temperature, from 170 K down to 130 K, a branching out to two frequencies is
clearly seen. Moreover, a second peak in L is also observed at 130 K. This means that at this
temperature, fluctuations are on the scale of the muon Larmor frequency. This means that
the described magnetic transitions are all accompanied by magnetic fluctuations within the
time window of SR. This is interesting, since it again shows that the magnetic system can
not be characterized by a continuous slowing down of magnetic fluctuations with decreas-
ing temperature, but that in contrast real magnetic transitions are observed at the dierent
characteristic temperatures.
A better visualization of the field distributions at each characteristic temperature regions
are given by the Fast Fourier Transform (FFT) plots shown in Figure 7.10. Like in the FFT
plots in the previous chapter, the sharp peak appearing near zero frequency is the slowly
decaying oset asymmetry in time space that was not subtracted from the signal. The high-
temperature region plot in Figure 7.10 a) clearly exhibits the peaks at high frequencies at
around 10 MHz. Then at the intermediate regime, one can see a broad field distribution that
is suitably fitted with one or two zeroth-order Bessel functions.
Below T = 120 K, the frequency starts to grow smoothly like the usual order parameter
and like in the case of the T 0-La2CuO4. Correspondingly, a peak in T is seen at 110 K.
Again, the field distribution in this temperature regime is broad and pronounced asymmetric.
Hence, a zeroth-order Bessel function still best describes the data.
Interestingly, once more at 40 K, a switch of field distribution happens below which a
standard cosine function can better describe the data. Figure 7.10 c) clearly displays the
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evolution of the low-temperature field distributions starting at 40 K. The field distributions
below 40 K show a shape that are symmetric, Lorentzian in form and are shifted to a bit
lower frequency compared to the higher temperatures. Like in the T 0-La2CuO4, this sudden
change in the field distribution we ascribe to a lock-in transition into one simple well-defined
magnetic structure. As in T 0-LCO we find only one internal magnetic field. Following the
discussion of T 0-LCO, we can ascribe this only to the NCol II magnetic phase since in all
other possible simple magnetic structures, two well separated magnetic internal fields should
be observed.
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Figure 7.10: FFT plots of each characteristic temperature region of As-grown A sample.
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LF-SR Measurements on the As-grown A Sample
These observed SR oscillations above 150 K and especially the high frequencies observed
around 280 K of the T 0-Pr2CuO4 are in stark contrast to the predominantly dynamic char-
acter of the depolarization in T 0-La2CuO4 at the same temperature range. Therefore, it is
important to investigate also the dynamic magnetic properties of the T 0-PCO sample. This
can be done by the decoupling measurements performed at various temperature regimes
under 0.005, 0.02, 0.04, and 0.1 Tesla applied fields. Figure 7.11 shows these measure-
ments plotted including the zero-field measurements for comparison and reference. Since no
theoretical fit function is available for decoupling measurements with well-defined internal
magnetic fields, I will restrict myself to a qualitative description of the data.
Clearly, static magnetism can be concluded for the 80 K spectra from the nice decoupling
behavior with the stereotypical horizontal tail with recovery of the muon spin polarization
with increasing external magnetic fields. In contrast, the data at e.g. 120 K and 220 K clearly
display a dynamic behavior with a relaxing tail at all fields. Interestingly, at the intermediate
temperature of 180 K the system is obviously static again.
To obtain an overview of the dynamic and static temperature regimes, a temperature scan
with an applied field of 0.1 Tesla has been performed. The obtained dynamic relaxation
rate is depicted in Figure 7.12. As already obtained from the analysis of the ZF data, two
clearly dynamic temperature regions can be identified by the peaks of the relaxation rate. As
discussed above, the appearance of two peaks in the dynamic relaxation rate speaks against a
continuous slowing down of the spin dynamics and evidences the presence of distinct phase
transitions. The strong change of the internal field distribution favors spin reorientation
transitions between qualitatively very dierent magnetic structures. This will be further
interpreted in section 7.2.4 of this chapter.
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Figure 7.11: Decoupling measurements at various temperatures with 0, 0.005, 0.02, 0.04,
and 0.1 Tesla applied fields.
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Effect of Annealing at 800C in Vacuum
As depicted in Figure 7.9, the same features as for the sample As-grown A and the re-
markable transition temperatures are consistently seen for the sample As-grown B. This is
expected since the two samples are grown at the same conditions. But astoundingly, the same
characteristics are also manifested by the sample Reduced B800 Vac wherein a reduction at
800C under vacuum conditions did not seem to drastically aect magnetism in the system,
see the SR fit parameter in Figure 7.13 . Structurally, it is only the O(3) site that is vacated
but no evident dierence on the O(2) site is observed among these three samples as given by
high-resolution powder neutron diraction results, see again Table 7.5. Therefore, one has
to conclude that the small amount of apical oxygen present in the as-grown samples does not
aect the magnetism of T 0-PCO. This is very important, since exactly this oxygen is gener-
ally believed to play a major role in the occurence of superconductivity in the electron-doped
cuprates, see chapter 2.
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Effect of Annealing at 900C in Ar flow for 12 hours
In order to continue the investigation of the influence of oxygen reduction conditions on
the magnetism in T 0-Pr2CuO4, we compare SR measurements of the as-grown and the
reduced sample annealed at 900 C in Ar flow for 12 hours. Representative ZF-spectra of
the As-grown A and the Reduced A900 Ar samples are shown side-by-side in Figure 7.14.
Elaborating on the distinctive transitions at particular temperature regimes and comparing
the two samples, evident dierences are observed even by merely looking at the spectra.
Once more, the same fit model is used for both compounds like in the case of T 0-LCO.
At the highest temperature, a paramagnetic signal is displayed. A Gaussian-Kubo Toyabe
function fits the signal.
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Figure 7.14: Zero-field spectra at 5, 40, 140, 220, 285, and 290 K of the As-grown A and
Reduced A900 Ar samples.
Then at a slightly lower temperature, there is an obvious and remarkable observed dier-
ence between the two compounds. The presence of the high-frequency observed at high tem-
peratures in the as-grown sample had diminished in the reduced sample, and only a damped
signal is seen in the reduced sample. In Figure 7.14, the 285 K data (brown) are shown with a
relatively strong binning, the dierence at the high-temperature regime is better-highlighted
in Figure 7.15. The inset displays the rapidly-oscillating signal at very early times in the time
spectra. Please note that both samples show quasi-static magnetism at this temperature, but
that sample As-grown A possesses a much more homogenous magnetic state since the SR
oscillations are visible. This means in turn, that obviously the high-temperature reduction
process causes disorder in the Cu magnetic system. The 220 K signal is also very distinct,
see pink data in Figure 7.14. The as-grown sample shows a more dynamic signal in com-
parison to the more static signal exhibited by the reduced sample. This is very clearly seen
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from the raw data since the tail is much more strongly damped in the as-grown sample (L
 1 MHz) than for the Reduced A900 Ar sample (L  0.4 MHz). Therefore, one has to
conclude that the reduction process changes magnetic dynamics of the system. Also in the
intermediate-temperature regime at 140 K depicted as the green data points in Figure 7.14, a
noticeable oscillation is observed in the as-grown sample while the reduced sample exhibited
an exponential depolarization. This again is a proof for the introduced magnetic disorder by
the high-temperature reduction process.
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Figure 7.15: Zero-field spectra at 280 K of the As-grown A and Reduced A900 Ar samples.
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One can immediately see the evolution of the shape of field distribution at dierent tem-
perature regimes as illustrated in Figure 7.16. At the high-temperature regime, Figure 7.16 a)
further shows that the high-frequency that was before seen in the as-grown compound is no
longer evident, please compare to Figure 7.10. The disappearance of this frequency at high
temperatures may suggest that there is a dierent magnetic structure or a considerably in-
creased magnetic disorder exhibited by the reduced compound at this temperature regime in
comparison to the as-grown sample.
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Figure 7.16: FFT plots at each characteristic temperature region of Reduced A900 Ar sample.
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Then at a bit lower temperature, a low frequency starts to emerge at T = 275 K as shown
in Figure 7.17 a). With decreasing temperature, fluctuations go into the time window of
the muon at below 250 K as shown by an increase in the longitudinal relaxation rate in
Figure 7.17 c). Then at 230 K down to 160 K, the depolarization can be better fitted with
two frequencies but with the same relaxation rates. This two-frequency region is somehow
shifted in comparison with the as-grown sample. This is also seen as a broader field distri-
bution at the intermediate region in Figure 7.16 b) starting at 150 K down to 120 K. Then at
150 K, the oscillation fades and only an exponential depolarization is observed.
0
2
4
6
8
10
12
0
2
4
6
8
10
0 50 100 150 200 250 300
0.0
0.4
0.8
1.2
1.6
c
b
a
 
 FrequencyBessel
 FrequencyCosine
 
 
Fr
eq
ue
nc
y 
(M
H
z)
 
 
 
 T
Bessel
 T
Cosine
T (
M
H
z)
As-grown A
 L
Bessel
 L
Cosine
 
 
L (
M
H
z)
Temperature (K)
0
2
4
6
8
10
12
0
2
4
6
8
10
0 50 100 150 200 250 300
0.0
0.4
0.8
1.2
1.6
c
b
a
 
Reduced A900-Ar
 
 
 FrequencyBessel
 FrequencyCosine
Fr
eq
ue
nc
y 
(M
H
z)
 
 
 
 T
Bessel
 T
Cosine
T (
M
H
z)
 
 
 L
Bessel
 L
Cosine
L (
M
H
z)
Temperature (K)
Figure 7.17: ZF-SR fit results for T 0-Pr2CuO4: a) The frequency, b) the transverse relax-
ation rate, and c) the longitudinal relaxation rate as a function of temperature of
the As-grown A (left-side figure) and the Reduced A900 Ar (right-side figure)
samples, respectively.
Below 120 K, reemergence of an oscillating signal is observed and it grows like a usual
order parameter like in the case of the as-grown sample. The dynamic relaxation rate, L
peaks and then decreases. This means that the system is again entering a static regime from
a highly fluctuating one. The data in this region is well-described with the zeroth-order
Bessel function.
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Below 40 K, the field distribution pictured in Figure 7.16 has an unconventional shape. A
sum of both the Cosine and Bessel magnetic fractions best fits this field distribution. This is
in contrast to the well-defined single Lorentzian field distribution in the as-grown sample.
LF-SR Measurements for Reduced A900 Ar Sample
Like the As-grown A sample, the dynamic nature of the magnetism of the Reduced A900 Ar
sample was verified by the decoupling measurements performed at various temperature
regimes under 0.005, 0.02, 0.04, and 0.1 Tesla applied fields. Figure 7.18 shows these mea-
surements. Also, to obtain an overview of the dynamic and static temperature regimes, a tem-
perature scan with an applied field of 0.1 Tesla applied longitudinal field is performed giving
the transition regions exhibited by the peaks of Figure 7.19. Interestingly the dynamic relax-
ation rate L of the Reduced A900 Ar sample is virtually identical to the one of the as-grown
sample, please compare to Figure 7.12. It shows two peaks at 120 K and 270 K indicating
two phase transitions at these temperatures, respectively. It should be noted anyhow that for
the Reduced A900 Ar, the lower temperature peak was seen in ZF at about 100 K. This indi-
cates that even a small magnetic field of 0.1 Tesla can modify the magnetism of the reduced
sample considerably and apparently can remove the dierences between the as-grown and
reduced sample. This is probably again a manifestation of the very small dierences in the
total energy of the various magnetic states the system can adopt.
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Figure 7.18: Decoupling measurements at various temperatures with 0, 0.005, 0.02, 0.04,
and 0.1 Tesla applied fields.
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Effect of Annealing at 900C in Ar flow for 10 hours - a slightly shorter annealing
time
For the Reduced B900 Ar sample, there are slight dierences observed especially at lower
temperatures in comparison to the previously described Reduced A900 Ar sample. It is sig-
nificant to mention that with this sample, the annealing time is a little bit shorter than the
Reduced A900 Ar sample (10 hours in comparison to 12 hours).
The overall characteristic of this sample resembles the one of the Reduced A900 Ar sample.
A notable dierence is on the low temperature region. The data below 80 K can be better
fitted with two cosine functions plus another fast relaxing signal. Actually, the data has a
broad field distribution that is not very pronounced which makes the signal more challenging
to fit and capture with the analytical fit functions.
This result directly exemplifies that longer annealing times and/or higher temperatures
could lead to more homogeneous samples. For completeness the SR fit results are depicted
in Figure 7.20.
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7.2.3 Key Experimental Observations and Interpretations from SR
Results
As a recap, a total of five samples of bulk T 0-Pr2CuO4 (T 0-PCO) were measured in SR.
These are divided into two sets of samples, Set A and Set B, and each set has both the
as-grown and the reduced sample. Both as-grown samples A and B demonstrated virtually
identical characteristics proving the reproducibility of the synthesis procedure. The anneal-
ing conditions for the reduced samples were all dierent, as previously described. SR
results revealed that the reduction annealing conditions influence the magnetism of the sys-
tem.
With the rich series of transitions observed in T 0-Pr2CuO4, one can deduce that this is very
similar to T 0-La2CuO4 (T 0-LCO). There are, nonetheless, remarkable observed dierences
between the two compounds. From the cold neutron scattering results, the magnetic peak
intensities vanished at TN = 285 K. This higher TN compared to the e.g. TN1 = 220 K
of T 0-La2CuO4 (T 0-LCO) clearly demonstrates that the magnetism in T 0-PCO is less two-
dimensional than in T 0-LCO and also in comparison to the as-grown and reduced T 0-LSmCO
with TN1 = 220 K and 240 K, respectively. As discussed in the previous chapter for the case
of the T 0-LSmCO, this can be traced back to the presence of a polarizable magnetic RE mo-
ment, and in this system the Pr moment. Another remarkable dierence is the appearance
of slow oscillations at high temperatures up to 250 K in T 0-PCO in sharp contrast to the
predominantly dynamic character of the depolarization in T 0-LCO at a similar temperature
range below TN1. Even more astonishingly, in the as-grown T 0-PCO sample, fast ZF-SR os-
cillations (much faster than at lowest temperatures) are observed, a phenomenon completely
absent for T 0-LCO.
Now to focus on the magnetic transitions observed in the T 0-Pr2CuO4, the interesting fea-
tures for both the as-grown and the reduced samples will be sorted in the following. Table
7.6 summarizes the striking dierences of the as-grown and reduced samples at character-
istic temperature regimes. Note once more that the sample annealed at 800C in vacuum
demonstrated the same behavior as the as-grown samples. In the discussion below, the re-
duced sample referred to here is mostly the more homogeneous sample, the Reduced A900 Ar
sample (and not Reduced B900 Ar).
Both the as-grown and the reduced samples show paramagnetism at the highest temper-
atures. Starting at 285 K down to 250 K, a very distinct dierence is displayed by the fast
oscillations of the ZF-SR signal in the as-grown sample in stark contrast to a fast trans-
verse damping of the signal in the reduced sample. In addition, an increase in the transverse
relaxation rate is observed as a function of increasing temperature for both samples signi-
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Temperature As-grown & Reduced800 vac Reduced900 Ar
300 K - 285 K - Gauss-Kubo-Toyabe relaxation - Gauss-Kubo-Toyabe relaxation
285 K - 250 K - fast SR oscillations - fast transverse damping
- peak in dynamic relaxation rate (1000 G
LF)
- peak in dynamic relaxation rate (1000 G
LF)
250 K - 180 K - 1 Bessel frequency increasing - 2 Bessel frequency with maximum at
210 K and decreasing to zero below
170 K - 130 K - 2 Bessel frequencies - no frequencies, low transverse damping
- peak in dynamic relaxation rate (1000 G
LF)
- peak in dynamic relaxation rate (1000 G
LF)
- peak in dynamic relaxation rate at 150 K
(ZF)
120 K - 40 K - 1 Bessel frequency increases like an or-
der parameter
- 1 Bessel frequency increases like an or-
der parameter
- peak in dynamic relaxation rate at 100 K
(ZF)
40 K - 0 K - 1 Cosine frequency - 1 Bessel and 1 Cosine frequency
Table 7.6: Comparison of the fit results for the As-grown and the reduced samples (800 C,
vacuum) on the one hand and the stronger reduced samples (900C, Ar) on the
other hand.
fying that the internal field sensed by the muon at this temperature regime increased, thus,
the absolute width of the field distribution is enhanced. The observation of an oscillation in
the as-grown sample shows that the as-grown sample is more ordered than the reduced one.
Thus, this means that high-temperature reduction annealing can bring about disorder in the
Cu magnetic system. Note, however, that both samples exhibit only quasistatic magnetism
at this temperature and the LF-SR measurements with an applied field of 0.1 T therefore
revealed a peak in the dynamic relaxation rate at this temperature region. As a matter of fact,
there is another peak at the intermediate temperature but this will be discussed later.
From 250 K down to 120 K, two magnetic components fitted with two Bessel functions
were used to describe the data. This two-component relaxation functions indicates two mag-
netically dierent muon sites in the crystallographic structure. However, on the interval from
250 K down to 180 K, only one frequency is observed in the as-grown sample while two fre-
quencies but with the same relaxation rates, can be observed in the reduced sample. The
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frequency has a maximum at around 210 K and fades to zero below that. Below 170 K down
to 130 K, there are two frequencies observed in the as-grown sample while in the similar
temperature range between 150 K down to 120 K, only a low transverse damping of the
signal is observed for the reduced sample. A second peak in the dynamic relaxation rate
in the LF-SR with 0.1 T applied field measurement is observed at 130 K for the as-grown
sample while this is seen at around 120 K for the reduced sample. Although it should be
pointed out once more that this second peak was seen in ZF at about 150 K for the as-grown
and 100 K for the reduced sample, respectively. This then indicates that a minute field of
even a 0.1 T can alter the magnetism and equalize some dierences between the as-grown
and reduced sample. The appearance of the two peaks in the dynamic relaxation rate as a
function of temperature rather points to the presence of distinct phase transitions, and not to
a continuous slowing down of the spin dynamics.
Then at 120 K down to 40 K, the previously two-component frequency of the as-grown
sample merges into one that smoothly grows like the usual order parameter. This very same
behavior was also demonstrated by the T 0-LCO at the same temperature region. The reduced
sample then regains the diminished frequency and follows a similar behavior. As the field
distribution at this temperature region is again broad and asymmetric, a zeroth-order Bessel
function still best describes the data for both samples.
A switch of field distribution, like in the case of the T 0-LCO, happens at 40 K and below
which a standard Cosine function can better describe the data. In contrast, a broader field
distribution is observed in the reduced sample that can be best-fitted with a sum of two
magnetic fractions using the Cosine and Bessel functions. Thus, one can deduce that the as-
grown sample similarly demonstrates the magnetic reorientation or lock-in transition at 40 K
as the one observed in T 0-LCO, i.e. it locks-in to the NCol II magnetic structure. In contrast,
the reduced sample does not show this lock-in behaviour. It is however, plausible that the
reduced T 0-PCO adopts one of the other special models discussed for T 0-LCO in section
5.4.2. Especially, the two models Col I and NCol I are reasonable candidates since they
both possess two distinct and non-zero internal magnetic fields at the muon sites. Again,
the dierent magnetic behavior of the as-grown and reduced samples shows that the high
temperature annealing at 900C has a significant influence on the magnetism of the sample.
The still magnetic electron-doped RE2 xCexCuO4 cuprates only become non-magnetic
and superconducting after a reduction process [110]. In this work, it is shown that also the
magnetism of the undoped mother compounds is influenced by a high temperature reduction
process. Due to the systematic investigation of the magnetic and structural properties of the
very same samples for dierent reduction conditions, it is now possible to try to relate the
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magnetic changes to the structural modifications especially the occupation of the dierent
oxygen sites. As discussed in chapter 2, it is common sense (which is not necessarily true),
that reduction annealing should only remove the apical oxygen O(3) while the in-plane O(1)
and the charge-reservoir layer O(2) should remain intact. A common reasoning is that the
presence of this O(3) in BCT cuprates hinders the emergence of superconductivity as these
empirically serve as strong scatterers as well as pair-breakers. Madelung potential calcula-
tions, reinforced by experimental results, found that below a certain level of doping, e.g. x <
0.08, it was the out-of-plane O(2) that is taken out [113, 112]. This is consistent with our re-
sults on the reduction annealing at 900C in Ar flow, but not with the annealing at 800 C in
vacuum where the apical oxygen O(3) is removed. On the other hand, there are experimental
findings that suggest the elimination of oxygen from the CuO2 plane [112, 113]. Astonish-
ingly, this would have allowed superconductivity to flourish contrary to expected notion on
the critical importance of an intact CuO2 plane. A positive outcome when O(1) is removed
is the emergence of a secondary phase which does not contain Cu ions, but these zones act
as Cu reservoirs for the Cu that migrate into the CuO2 planes during the reduction process,
eectively reducing Cu vacancies and therefore, eliminating pair-breaking sites [27]. This
then allows superconductivity to emerge. Kang and coworkers illustrated that there are in-
trinsically Cu deficiencies in the as-grown materials and that reduction annealing can heal
out or repair these deficiencies along with the appearance of an impurity phase [121]. In
our case, reduction annealing at 900 C in Ar flow can drastically disorder the system. The
disorder may have come possibly from the presence of Cu vacancies which were brought
about by the relatively high annealing temperature. The decrease in the a- and b- lattice
parameters for these 900C-reduced compounds can also reinforce this notion. This eect
could anyhow also be produced by missing oxygen O(2) from the RE-O layer that had been
taken out by the high temperature annealing. The redistribution of the O(2) may then have
caused the magnetic disorder. In contrast, annealing at 800 C maintains the same magnetic
structures and transition temperatures. Although an excess of O(2) was observed which was
unchanged compared to the as-grown sample, the apical oxygen was removed after this re-
duction. Therefore, one has to conclude that the small amount of apical oxygen present in
the as-grown samples does not aect the magnetism of T 0-PCO. Perhaps a second annealing
as the one suggested by Krockenberger and coworkers [125] can redistribute these oxygens
to site deficiencies in the CuO2 plane. As mentioned earlier, in their thin film samples, even
superconductivity could be observed in the nominally undoped samples by this procedure.
This second annealing would be therefore a promising route for further investigations on
these systems.
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In addition to the reduction annealing temperature, the annealing time can also influence
the system primarily on the homogeneity aspect. The sample Reduced B900 Ar annealed
for only 10 hours in contrast to the 12-hour annealed sample, Reduced A900 Ar, illustrated
magnetic inhomogeneities especially in the low-temperature region.
Coming back to the general magnetic behavior of as-grown as well as reduced T 0-PCO,
one has to conclude that all samples display a complex magnetic behavior very dierent
from the simple magnetic ordering that one would deduce from powder neutron diraction
data shown in this thesis and in the literature. Several experimental observations point to
a series of transitions between partially very dierent magnetic structures as a function of
temperature. These are namely temperature intervals with very dierent number and sizes
of internal magnetic fields and transverse and longitudinal relaxation rates. The observation
of two peaks in the dynamic relaxation rate as a function of temperature also clearly speaks
in favor of distinct transitions. Additionally, the behavior of the series of magnetic transi-
tion as a function of temperature for T 0-PCO appears similar but more complex than the one
observed in T 0-LCO for which we could resolve the lower two magnetic phases. Therefore,
it seems unlikely that the induced magnetic polarization in the RE magnetic system is at
the core of explanation for the observed transitions. But certainly, the presence of a polar-
izable moment can add complexity on the magnetic interactions in the CuO2 plane. In the
following, the possibility of spin reorientation transitions is discussed.
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7.2.4 Spin Reorientation in T 0-Pr2CuO4
The investigation of the interesting magnetic behavior involving both the rare-earth and the
copper spins can be substantiated in the T 0-Pr2CuO4 compound. As with the other rare-earth
cuprates with a body-centered tetragonal structure, the proposed magnetic structures for this
compound have been illustrated and described in chapter 2, which are either collinear or
noncollinear magnetic structures. Experimental evidences from neutron scattering support
the noncollinear Cu spin order for these systems [33, 59]. So far, there are no accounts of
spin reorientation on T 0-Pr2CuO4 at ambient pressure. However, under small hydrostatic
pressures, T 0-Pr2CuO4 revealed two magnetic phase transitions that are also ascribed to spin
reorientations [99]. Akimitsu et al. had performed SR measurements on single crystal
Pr2 xCexCuO4  in zero external fields in which the authors proposed two spin-reorientation
phase transitions [100] wherein the magnetic moments of the Cu atoms order in an antifer-
romagnetic noncollinear cross like structure including a, up to then, hidden canting of the
spin arrangement. The said authors proposed a low-temperature phase (T  40 K) and a
high-temperature phase (40 K  T  110 K) [100]. These somehow have similarities to
our observed transitions. Their results did not elaborate nor include the appearance of the
fast oscillations at the high-temperature region that we observed, and also were not able to
account for the abrupt change of the shape of field distribution at T  40 K.
In this work, the appearance of two peaks in the dynamic relaxation rate is interpreted as
an evidence of the presence of distinct phase transitions. The strong change of the internal
field distribution can be attributed to spin reorientation transitions between qualitatively very
dierent magnetic structures. Especially the appearance of the high SR frequency around
280 K in the as-grown sample is intriguing. As it is clear from the magnetic dipole field
calculations presented in section 5.4.2 in Figure 5.17, no such high fields can be produced by
magnetic models in which the Cu moments are aligned within the plane. Therefore one has
to conclude that in this temperature interval, the magnetic moments must have a component
out-of-plane which can increase the field at the muon site dramatically. This configuration
may possibly be similar to the magnetic structure proposed for T 0-Sm2CuO4 [172]. This is
interesting since usually a rather strong easy-plane anisotropy is assumed.
At the intermediate temperature region between 150 K and 250 K, a broad asymmetric
distribution of internal fields which can be fitted by two Bessel functions is obtained. It is
therefore reasonable to assume that a similar distribution of angles  between the spin struc-
tures of neighboring Cu planes is adopted as in T 0-LCO, see section 5.4.2. Anyhow there
is a qualitative dierence between the phase between 150 K up to 250 K and the phase be-
tween 40 K and 120 K. The latter being very similar to the one observed in T 0-LCO at the
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corresponding temperature interval, namely a distribution of magnetic structures all belong-
ing to the same IR 5. Again, one can conclude that also in T 0-PCO the coupling between
the neighboring CuO2 planes is very weak and that the anisotropy in the plane must also be
very weak compared to the temperature such that no well defined spin orientation is adopted.
Having identified the phase between 40 K and 120 K in analogy to the T 0-LCO compound,
it is mandatory to ask the question what can be dierent for the higher temperature phase be-
tween 150 K and 250 K if at the lower temperatures the spin orientation angles are anyway
distributed? One possible answer might be that in the higher temperature phase magnetic
models only belonging to the 3 IR are adopted. As said earlier these dierent groups of
magnetic structures dier in their anisotropy energy. A transition between these groups of
structures would imply a temperature dependence (and sign change) of the anisotropy con-
stant. In this way, the spin reorientation transitions in T 0-Nd2CuO4 have been explained [83].
In principle, the distinction between these groups of magnetic structures can also and maybe
best be made by SR on single crystals. It turns out that according to our dipole field calcula-
tions the magnetic fields at the muon sites for all magnetic structures belonging to the 3 IR
point along the crystallographic c-axis, while all structures belonging to the 5 IR produce
magnetic fields within the ab-plane. Very recently, we performed orientation dependent SR
on as-grown single crystals of T 0-Pr2CuO4 revealing that actually the above speculation is
correct and that the high temperature phase must belong to structures from the 3 IR while
in the lower temperature phase a distribution of structures from the 5 IR is realized.
As mentioned above, at temperatures below 40 K, it is plausible that the as-grown and
weakly reduced T 0-PCO adopt the NCol II structure as it is the case for T 0-LCO. The high-
temperature annealed samples anyhow show considerably more magnetic disorder and no
clear lock-in transition (narrowing of the field distribution) is observed. The presence of two
SR frequencies (one Bessel and one Cosine) may indicate that rather predominantly either
the NCol I or the Col I is realized, but in a phase separated manner due to the disorder.
Future work on our T 0-Pr2CuO4 would involve magnetic neutron scattering with the ap-
plication of magnetic fields in order to isolate and to resolve the possible magnetic phases
determined by SR.
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The structural and the magnetic properties of the investigated T 0-RE2CuO4 (RE= La, La/Sm,
and Pr) are discussed in separate chapters of this thesis. In all the investigated T 0-RE2CuO4
(RE = La, La/Sm, and Pr) systems, a series of magnetic transitions has been found at dif-
ferent characteristic temperatures illustrated by the temperature dependence of the muon
precession frequency in Figure 8.1. As discussed in the thesis, these transitions have been
attributed to changes in the magnetic structure or spin reorientation transitions. The sensitiv-
ity of the SR technique to such transitions is well-evidenced here while neutron scattering
measurements on some of the compounds studied did not detect these transitions. In addi-
tion to the compounds studied in this thesis, in Figure 8.1, old SR data 1 on Nd2CuO4 and
Eu2CuO4 are shown. The data had been reanalyzed with the same analytic functions used
for the other T 0-cuprates. It is obvious that all compounds show a similar series of transitions
even though details of the magnetic behaviors are slightly dierent.
The investigations on the novel and metastable T 0-La2CuO4 are of striking significance in
this work, mainly because our findings in this system had surprisingly revealed transitions
even with the nonmagnetic ion La3+. This undoubtedly challenged the common belief that
the magnetic interaction between the Cu and the RE system is responsible for e.g. the spin
reorientations observed in T 0-Nd2CuO4 and thus, also questioned if the observed complex
magnetic behavior is generic to all BCT cuprates independent of the magnetic state of the
RE ion, and if the magnetic transitions might have been overlooked in some compounds e.g.
due to the limitations of simple neutron diraction experiments. Moreover, T 0-La2CuO4
revealed a strongly-reduced Néel temperature compared to the orthorhombic T -La2CuO4
and to other T 0-RE2CuO4 cuprates such as T 0-Nd2CuO4 and T 0-Pr2CuO4. This reduction
can be traced back to a ten times decrease in the interlayer coupling possibly due to the
missing polarizable lanthanide ion in T 0-La2CuO4. This low interlayer coupling makes our
newly synthesized compound to be the best realization of a cuprate 2D magnet. This finding
addressed the influence of the magnetic rare-earth ion on the interlayer magnetic coupling
and dynamics in the system and led to the synthesis of rare-earth substituted compounds,
1The data stem from early measurements of our collaborator, H.-H. Klauss, from the TU Dresden, Germany.
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Figure 8.1: Temperature dependence of the muon precession frequency for all the as-grown
T 0-RE2CuO4 (RE= La, Pr, Nd, Eu) and La1.85Sm0.15CuO4.
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e.g. T 0-La1.85Sm0.15CuO4, which was found to have an increased TN. Therefore, the results
on T 0-La1.85Sm0.15CuO4 confirmed our notion that the magnetic coupling in the c-direction
is enhanced with the substitution of a magnetically polarizable Sm ion in the T 0-La2CuO4
which, loosely speaking, acts as a sort of magnetic glue between the layers. More formally,
the magnetic ions strengthen the so-called pseudo-dipolar interactions in the system.
In order to draw a physical picture for the observed rich magnetic transitions, magnetic
structure models for the T 0-cuprates were defined. A crucial part on the thorough analysis of
a SR data is the determination of the muon site. For the T 0-La2CuO4, the muon site was de-
termined with the most probable position located along the O(2)-O(2) bond, 1.10 Å far from
one oxygen in the LaO plane. Dipole field calculations have been implemented to model the
dierent magnetic structures which all are characterized by an antiferromagnetic coupling
of the Cu moments in the plane and dierent orientations of the spins within the planes. In
addition, the models dier in the relative orientation of neighboring CuO2 layers. Several
plausible scenarios at three characteristic temperature regimes were tested and presented to
elucidate the magnetic structure at the highest temperature regime between 220 K and 115 K
where only a quasi-static order with slow (MHz) fluctuations is observed, a static regime with
a broad asymmetric field distribution at the muon site between 115 K and 40 K, and a low
temperature regime wherein an abrupt change to a narrow and symmetric field distribution is
observed. The magnetic structure at intermediate temperatures could be identified to possess
a distribution of symmetry-allowed relative spin orientations in adjacent CuO2 planes. This
observation indicates that the coupling between the layers is actually very weak and also ad-
ditional anisotropies within the CuO2 plane which determine the spin orientation within the
plane are small compared to the thermal energy at these temperatures. At low-temperatures,
our magnetic dipole calculations prove that T 0-La2CuO4 locks-in to a well defined relative
orientation of neighboring planes namely into a well defined noncollinear magnetic struc-
ture. This is again a remarkable result, since it was initially thought that in the absence of
a magnetic RE ion, the system would adopt a collinear magnetic structure due to zero-point
fluctuations of the spins leading to an order-by-disorder eect.
Experimental results on the T 0-Pr2CuO4 and also the T 0-La1.85Sm0.15CuO4 demonstrated
the important role of the oxygen content and oxygen site occupation on the magnetism.
The observed dierences between an as-grown sample and a reduced sample revealed that
the annealing conditions can impose which oxygen site is vacated. The slight structural
modifications induced by the annealing conditions have dierent eects on the static and
dynamic properties of the Cu magnetism. Nevertheless, both as-grown and reduced sam-
ples possessed rich magnetic transitions as the other investigated compounds, with notable
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dierences imposed by the reduction annealing conditions. The observation of a series of
magnetic transitions in the T 0-Pr2CuO4 is very astonishing since indications for spin reori-
entation transitions had not been accounted to this compound before. Again, it was believed
that since Pr has a nonmagnetic ground state in the crystal field and has only other slightly
polarizable low lying crystal field levels, it could not engage spin reorientation transitions.
On the contrary, in this thesis it is shown that such a behavior is generic to the whole BCT
cuprate family independent of the presence of a magnetic RE ion.
For the T 0-Pr2CuO4, three dierent reduction annealing conditions were implemented.
The sample annealed at 800C in vacuum demonstrated a virtually identical behavior as the
as-grown samples while a slightly higher annealing at 900 C resulted to a more magnetically
disordered system. The as-grown sample displayed a striking feature at high-temperatures
with the presence of fast ZF-SR oscillations signifying a well ordered magnetic state,
whereas the 900 C-reduced sample did not show this behavior at the same temperature
region. This led to the conclusion that a relatively high annealing temperature can dras-
tically disorder the system. Our neutron scattering measurements show slightly dierent
structural modifications for the dierent annealing conditions. Astonishingly, already the
low-temperature annealing leads to the removal of the defect apical oxygen O(3) from the
structure which had practically no eect on the magnetism in contrast to the general belief
that it is exactly this defect site which is responsible for the appearance of magnetism and
suppression of superconductivity in the electron-doped compounds. On the other hand, the
high temperature annealing removes O(2) oxygen from the charge reservoir layer and creates
magnetic disorder. Furthermore, the as-grown sample also displayed analogous behavior as
the T 0-LCO specifically at the intermediate temperature region manifested by a broad field
distribution and the lock-in transition at the low-temperature region. On the contrary, the
high-temperature reduced sample demonstrated an even more complex behavior at the said
temperature regions probably due to the increased disorder which finally also leads to a dif-
ferent magnetic ground state as evidenced by the observation of two SR frequencies instead
of the one observed in as-grown and low temperature annealed samples.
The dynamic properties of T 0-Pr2CuO4 have been studied by longitudinal field SR as
a function of temperature and for samples with dierent annealing conditions. Again, it is
shown that the removal of the apical oxygen does not alter the magnetic dynamics present
in the system, while the high-temperature annealed samples with removed O(2) ions showed
a slightly dierent dynamic behavior. In both cases, the appearance of two peaks in the
dynamic relaxation rate as a function of temperature further reinforced the evidence of the
presence of distinct phase transitions in T 0-Pr2CuO4. The strong change of the internal field
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distribution can be attributed to spin reorientation transitions between qualitatively very dif-
ferent magnetic structures. Plausible magnetic configurations for the dierent temperature
regimes are discussed in the thesis. Astonishingly, very similar magnetic structures as com-
pared to T 0-La2CuO4 are deduced for T 0-Pr2CuO4 while distinct dierences are observed
at high temperatures. The most remarkable dierence occurs in a very narrow temperature
interval for the as-grown T 0-Pr2CuO4 sample where a canting of the Cu magnetic moments
out of the CuO2 plane is observed.
To wrap up the eect of the reduction annealing, it was observed that the TN in T 0-
La1.85Sm0.15CuO4 had increased after the reduction process. This is attributed to the healing
out of the Cu sites and redistribution of oxygen that consequently strengthened the mag-
netism. It has to be noted that the annealing condition had to be delicately done at a tem-
perature that the system would not transform into the T -phase, e.g. at 550 C. In the case
of the T 0-Pr2CuO4, a higher annealing condition caused the removal of the O(2) which cre-
ated magnetic disorder on the system. A slightly lower annealing temperature only removed
O(3) but did not cause any strong eect on the magnetism of the system in contrast to gen-
eral opinion that this apical defect site in T 0-structures drives magnetism that obstructs the
emergence of superconductivity.
Our investigations show that it is of paramount importance that systematic investigations
are performed with an as large as possible number of suitable magnetic and structural exper-
imental probes on the very same samples. Only this allows to draw correct conclusions on
the interplay of magnetic and structural degrees of freedom in these systems. In this sense, it
was of special advantage that in the present study, experimental techniques like NMR, SR
and neutron scattering, all possessing dierent time windows and sensitivities to dierent
magnetic structures, had been used.
As an outlook, it would be interesting to extend the investigations to single crystal samples
as these have the edge of not only probing the magnitude of the fields but also the field direc-
tions with the SR technique. In addition, it would also be worthwhile to revisit other parent
compounds of RE2CuO4, e.g. RE= Nd, Eu, Sm, Gd, and implement the same approach
as was done in this work. Also, the completion of the phase diagram would be incessantly
important, thus, it is highly recommended to extend our experimental approach to the super-
conducting systems especially on electron-doped bulk powders of T 0-La2 xCexCuO4 which
would allow for the first time to compare these electron-doped compounds with their hole-
doped counterparts T -La2 xSrxCuO4.
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9 Appendix
9.1 Thermal Neutron Scattering Fullprof Refinement on
T 0-La2CuO4
The following is an example of a pcr code for the Fullprof software package used in the
refinement of the neutron data from HRPT diractometer, PSI.
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9.2 Thermal Neutron Scattering Fullprof Refinement on
T 0-Pr2CuO4
The following is an example of a pcr code for the Fullprof software package used in the
refinement of the neutron data from HRPT diractometer, PSI.
202
9.2 Thermal Neutron Scattering Fullprof Refinement on T 0-Pr2CuO4
203
9 Appendix
204
9.2 Thermal Neutron Scattering Fullprof Refinement on T 0-Pr2CuO4
205
9 Appendix
9.3 Cold Neutron Scattering Fullprof Refinement on
T 0-Pr2CuO4
The following is an example of a pcr code for the Fullprof software package used in the
refinement of the neutron data from DMC diractometer, PSI.
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9.4 Additional Neutron Scattering Results on T 0-Pr2CuO4
9.4.1 As-grown A T 0-Pr2CuO4
0 20 40 60 80 100 120 140 160 180
-5000
0
5000
10000
15000
20000
 
 
As-grown A Pr2CuO4
T = 300 K
 Yobs
 Ycal
 Yobs-Ycal
 Bragg position
In
te
ns
ity
 [a
rb
. u
ni
ts
]
2  [deg.]
Figure 9.1: Diraction pattern for sample As-grown A at T = 300 K.
Table 9.1: As-grown A: Lattice Constants
a b c
3.96005(2) 3.96005(2) 12.23728(10)
Table 9.2: As-grown A: Positional parameters and occupation sites
Name x sx y sy z sz B sB occ. socc
Pr1 0.00000 (0) 0.00000 (0) 0.35168 (23) 0.435 (45) 2.000 (0)
Cu1 0.00000 (0) 0.00000 (0) 0.00000 (0) 0.237 (36) 1.000 (0)
O1 0.50000 (0) 0.00000 (0) 0.00000 (0) 0.481 (27) 2.000 (0)
O2 0.00000 (0) 0.50000 (0) 0.25000 (0) 0.517 (34) 2.048 (19)
O3 0.00000 (0) 0.00000 (0) 0.59970 (1358) 0.517 (34) 0.029 (12)
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9.4.2 Reduced A900 Ar T 0-Pr2CuO4
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Figure 9.2: Diraction pattern for sample Reduced A900 Ar at T = 300 K.
Table 9.3: Reduced A900 Ar: Lattice Constants
a b c
3.96016(1) 3.96016(1) 12.24376(6)
Table 9.4: Reduced A900 Ar: Positional parameters and occupation sites
Name x sx y sy z sz B sB occ. socc
Pr1 0.00000 (0) 0.00000 (0) 0.35171 (6) 0.398 (14) 2.000 (0)
Cu1 0.00000 (0) 0.00000 (0) 0.00000 (0) 0.386 (10) 1.000 (0)
O1 0.50000 (0) 0.00000 (0) 0.00000 (0) 0.631 (11) 2.000 (0)
O2 0.00000 (0) 0.50000 (0) 0.25000 (0) 0.525 (12) 2.014 (8)
O3 0.00000 (0) 0.00000 (0) 0.20586 (1586) 0.525 (12) 0.007 (4)
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9.4.3 Reduced B800 Vac T 0-Pr2CuO4
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Reduced B800-Vac Pr2CuO4
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Figure 9.3: Diraction pattern for sample Reduced B800 Vac at T = 310 K.
Table 9.5: Reduced A800 Vac: Lattice Constants
a b c
3.96157(1) 3.96157(1) 12.24099(6)
Table 9.6: Reduced B800 Vac: Positional parameters and occupation sites
Name x sx y sy z sz B sB occ. socc
Pr1 0.00000 (0) 0.00000 (0) 0.35157 (6) 0.250 (16) 2.000 (0)
Cu1 0.00000 (0) 0.00000 (0) 0.00000 (0) 0.203 (13) 1.000 (0)
O1 0.50000 (0) 0.00000 (0) 0.00000 (0) 0.489 (12) 2.000 (0)
O2 0.00000 (0) 0.50000 (0) 0.25000 (0) 0.346 (13) 2.018 (9)
O3 0.00000 (0) 0.00000 (0) 0.29192 (1487) 0.346 (13) 0.009 (5)
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9.4.4 Reduced B900 Ar T 0-Pr2CuO4
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Figure 9.4: Diraction pattern for sample Reduced B900 Ar at T = 310 K.
Table 9.7: Reduced B900 Ar: Lattice Constants
a b c
3.96070(1) 3.96070(1) 12.24528(6)
Table 9.8: Reduced B900 Ar: Positional parameters and occupation sites
Name x sx y sy z sz B sB occ. socc
Pr1 0.00000 (0) 0.00000 (0) 0.35157 (5) 0.321 (14) 2.000 (0)
Cu1 0.00000 (0) 0.00000 (0) 0.00000 (0) 0.283 (10) 1.000 (0)
O1 0.50000 (0) 0.00000 (0) 0.00000 (0) 0.532 (10) 2.000 (0)
O2 0.00000 (0) 0.50000 (0) 0.25000 (0) 0.419 (12) 1.993 (8)
O3 0.00000 (0) 0.00000 (0) 0.20173 (2201) 0.419 (12) 0.004 (4)
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